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FIG. 6A
Duplicate plate screen at 32°C
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FIG. 6B

Duplicate plate screen at 37°C
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1
CAR ENZYMES AND IMPROVED
PRODUCTION OF FATTY ALCOHOLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is the National Stage of International
Application No. PCT/US2013/035040, filed Apr. 2, 2013,
which claims the benefit of U.S. Provisional Application No.
61/619,309, filed Apr. 2, 2012, the entire disclosures of which
are hereby incorporated by reference.

SEQUENCE LISTING

The instant application contains a Sequence Listing, which
has been submitted in ASCII format via EFS-Web and is
hereby incorporated by reference in its entirety. The ASCII
copy, created on Apr. 2, 2013, is named LS00039PCT_SL..txt
and is 89,038 bytes in size.

FIELD OF THE DISCLOSURE

The disclosure relates to variant carboxylic acid reductase
(CAR) enzymes for the improved production of fatty alcohols
in recombinant host cells. The disclosure further relates to
variant CAR nucleic acids and polypeptides as well as recom-
binant host cells and cell cultures. Further encompassed are
methods of making fatty alcohol compositions.

BACKGROUND OF THE DISCLOSURE

Fatty alcohols make up an important category of industrial
biochemicals. These molecules and their derivatives have
numerous uses, including as surfactants, lubricants, plasticiz-
ers, solvents, emulsifiers, emollients, thickeners, flavors, fra-
grances, and fuels. In industry, fatty alcohols are produced via
catalytic hydrogenation of fatty acids produced from natural
sources, such as coconut oil, palm oil, palm kernel oil, tallow
and lard, or by chemical hydration of alpha-olefins produced
from petrochemical feedstock. Fatty alcohols derived from
natural sources have varying chain lengths. The chain length
of fatty alcohols is important with respect to particular appli-
cations. In nature, fatty alcohols are also made by enzymes
that are able to reduce acyl-ACP or acyl-CoA molecules to the
corresponding primary alcohols (see, for example, U.S.
Patent Publication Nos. 20100105955, 20100105963, and
20110250663, which are incorporated by reference herein).

Current technologies for producing fatty alcohols involve
inorganic catalyst-mediated reduction of fatty acids to the
corresponding primary alcohols, which is costly, time con-
suming and cumbersome. The fatty acids used in this process
are derived from natural sources (e.g., plant and animal oils
and fats, supra). Dehydration of fatty alcohols to alpha-olefins
can also be accomplished by chemical catalysis. However,
this technique is nonrenewable and associated with high oper-
ating cost and environmentally hazardous chemical wastes.
Thus, there is a need for improved methods for fatty alcohol
production and the instant disclosure addresses this need.

SUMMARY

One aspect of the disclosure provides a variant carboxylic
acid reductase (CAR) polypeptide comprising an amino acid
sequence having at least about 90% sequence identity to SEQ
ID NO: 7, wherein the variant CAR polypeptide is genetically
engineered to have at least one mutation at an amino acid
position selected from the group of amino acid positions 3,
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2
18,20,22,80,87,191,288,473,535,750,827,870,873, 926,
927, 930, and 1128. Herein, the expression of the variant
CAR polypeptide in a recombinant host cell results in a higher
titer of fatty alcohol compositions compared to a recombinant
host cell expressing a corresponding wild type polypeptide.
In a related aspect, the CAR polypeptide is a CarB polypep-
tide. In another related aspect, the variant CAR polypeptide
comprises a mutation at positions S3R, D18R, D18L, D18T,
D18P, E20V, E20S, E20R, S22R, S22N, S22G, L80R, R87G,
R87E, V1918, F288R, F288S, F288G, Q473L, Q473W,
Q473Y, Q4731, Q473H, AS535S, D750A, R827C, R827A,
1870L, R8738, V926A, VI26E, S927K, S927G, MI30K,
MO930R and/or LL1128W. In a related aspect, the CAR
polypeptide includes mutation A535S; or mutations E20R,
F288G, Q4731 and AS535S; or mutations E20R, F288G,
Q473H, A535S, R827A and S927G; or mutations E20R,
S22R, F288G, Q473H, A535S, R827A and S927G; or muta-
tions S3R, E20R, S22R, F288G, Q473H, A535S, R873S,
S927G, M930R and L1128W; or E20R, S22R, F288G,
Q473H, A5358S, R873S, 8927G, M930R and L1128W; or
mutations D18R, E20R, S22R, F288G, Q473I, A535S,
S927G, M930K and L1128W; or mutations E20R, S22R,
F288G, Q4731, A5358S, R827C, V926E, S927K and M930R;
or mutations D18R, E20R, 288G, Q4731, A535S, R827C,
V926E, M930K and L1128W; or mutations E20R, S22R,
F288G, Q473H, AS535S, R827C, V926A, S927K and
M930R; or mutations E20R, S22R, F288G, Q473H, A5358
and R827C; or mutations E20R, S22R, F288G, Q4731,
A535S, R827C and M930R; or mutations E20R, S22R,
F288G, Q4731, A5358S, 1870L, 8927G and M930R; or muta-
tions E20R, S22R, F288G, Q4731, A5358S,1870L and S927G;
or mutations D18R, E20R, S22R, F288G, Q4731, A535S,
R827C, 1870L, V926A and S927G; or mutations E20R,
S22R, F288G, Q473H, A535S, R827C, I870L and L1128W;
or mutations D18R, E20R, S22R, F288G, Q473H, A535S,
R827C, 1870L, S927G and L1128W; or mutations E20R,
S22R, F288G, Q4731, A535S, R827C, 1870L, S927G and
L1128 W; or mutations E20R, S22R, F288G, Q4731, A535S,
R827C, 1870L, S927G, M930K and L.1128W; or mutations
E20R, S22R, F288G, Q473H, A535S, I870L, S927G and
M930K; or mutations E20R, F288G, Q4731, A535S, I870L,
M930K; or mutations E20R, S22R, F288G, Q473H, A535S,
S927G, M930K and L.1128W; or mutations D18R, E20R,
S22R, F288G, Q4731, A5358S, 8927G and L1128 W; or muta-
tions E20R, S22R, F288G, Q4731, A5358,R827C, I870L and
S927G; or mutations D18R, E20R, S22R, F288G, Q4731,
AS5358, R827C, 1870L, S927G and L1128W; or mutations
D18R, E20R, S22R, F288G, Q4731, A535S, S927G, M930R
and L.1128W; or mutations E20R, S22R, F288G, Q473H,
AS535S, VI926E, S927G and M930R; or mutations E20R,
S22R, F288G, Q473H, A535S, R827C, I870L, V926A and
L1128 W, or combinations thereof.

Another aspect of the disclosure provides a host cell
including a polynucleotide sequence encoding a variant car-
boxylic acid reductase (CAR) polypeptide having at least
90% sequence identity to SEQ ID NO: 7 and having at least
one mutation at an amino acid position including amino acid
positions 3, 18, 20, 22, 80, 87, 191, 288, 473, 535, 750, 827,
870, 873, 926, 927, 930, and 1128, wherein the genetically
engineered host cell produces a fatty alcohol composition at a
higher titer or yield than a host cell expressing a correspond-
ing wild type CAR polypeptide when cultured in a medium
containing a carbon source under conditions effective to
express the variant CAR polypeptide, and wherein the SEQ
ID NO: 7 is the corresponding wild type CAR polypeptide. In
a related aspect, the recombinant host cell further includes a
polynucleotide encoding a thioesterase polypeptide. In
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another related aspect, the recombinant host cell further
includes a polynucleotide encoding a FabB polypeptide and a
FadR polypeptide. In another related aspect, the disclosure
provides a recombinant host cell that includes a polynucle-
otide encoding a fatty aldehyde reductase (AlrA) and a cell
culture containing it.

Another aspect of the disclosure provides a recombinant
host cell, wherein the genetically engineered host cell has a
titer that is at least 3 times greater than the titer of a host cell
expressing the corresponding wild type CAR polypeptide
when cultured under the same conditions as the genetically
engineered host cell. In one related aspect, the genetically
engineered host cell has a titer of from about 30 g/L to about
250 g/L. In another related aspect, the genetically engineered
host cell has a titer of from about 90 g/, to about 120 g/L..

Another aspect of the disclosure provides a recombinant
host cell, wherein the genetically engineered host cell has a
yield that is at least 3 times greater than the yield of a host cell
expressing the corresponding wild type CAR polypeptide
when cultured under the same conditions as the genetically
engineered host cell. In one related aspect, the genetically
engineered host cell has a yield from about 10% to about
40%.

The disclosure further encompasses a cell culture includ-
ing the recombinant host cell as described herein. In a related
aspect, the cell culture has a productivity that is at least about
3 times greater than the productivity of a cell culture that
expresses the corresponding wild type CAR polypeptide. In
another related aspect, the productivity ranges from about 0.7
mg/L/hr to about 3 g/L/hr. In another related aspect, the
culture medium comprises a fatty alcohol composition. The
fatty alcohol composition is produced extracellularly. The
fatty alcohol composition may include one or more of a C6,
C8, C10, C12, C13, C14, C15, C16, C17, or C18 fatty alco-
hol; oraC10:1,C12:1, C14:1, C16:1, or a C18:1 unsaturated
fatty alcohol. In another related aspect, the fatty alcohol com-
position comprises C12 and C14 fatty alcohols. In yet,
another related aspect, the fatty alcohol composition com-
prises C12 and C14 fatty alcohols at a ratio of about 3:1. In
still another related aspect, the fatty alcohol composition
encompasses unsaturated fatty alcohols. In addition, the fatty
alcohol composition may include a fatty alcohol having a
double bond at position 7 in the carbon chain between C7 and
C8 from the reduced end of the fatty alcohol. In another
aspect, the fatty alcohol composition includes saturated fatty
alcohols. In another aspect, the fatty alcohol composition
includes branched chain fatty alcohols.

The disclosure further contemplates a method of making a
fatty alcohol composition at a high titer, yield or productivity,
including the steps of engineering a recombinant host cell;
culturing the recombinant host cell in a medium including a
carbon source; and optionally isolating the fatty alcohol com-
position from the medium

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure is best understood when read in
conjunction with the accompanying figures, which serve to
illustrate the preferred embodiments. It is understood, how-
ever, that the disclosure is not limited to the specific embodi-
ments disclosed in the figures.

FIG. 1 is a schematic overview of an exemplary biosyn-
thetic pathway for use in production of acyl CoA as a precur-
sor to fatty acid derivatives in a recombinant host cell. The
cycle is initiated by condensation of malonyl-ACP and
acetyl-CoA.
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FIG. 2 is a schematic overview of an exemplary fatty acid
biosynthetic cycle, where malonyl-ACP is produced by the
transacylation of malonyl-CoA to malonyl-ACP (catalyzed
by malonyl-CoA:ACP transacylase; fabD), then p-ketoacyl-
ACP synthase III (fabH) initiates condensation of malonyl-
ACP with acetyl-CoA. Elongation cycles begin with the con-
densation of malonyl-ACP and an acyl-ACP catalyzed by
p-ketoacyl-ACP synthase I (fabB) and f-ketoacyl-ACP syn-
thase II (fabF) to produce a f-keto-acyl-ACP, then the -keto-
acyl-ACP is reduced by a NADPH-dependent f-ketoacyl-
ACP reductase (fabG) to produce a p-hydroxy-acyl-ACP,
which is dehydrated to a trans-2-enoyl-acyl-ACP by [-hy-
droxyacyl-ACP dehydratase (fabA or fabZ). FabA can also
isomerize trans-2-enoyl-acyl-ACP to cis-3-enoyl-acyl-ACP,
which can bypass fabl and can used by fabB (typically for up
to an aliphatic chain length of C16) to produce [-keto-acyl-
ACP. The final step in each cycle is catalyzed by a NADH or
NADHPH-dependent enoyl-ACP reductase (fabl) that con-
verts trans-2-enoyl-acyl-ACP to acyl-ACP. In the methods
described herein, termination of fatty acid synthesis occurs by
thioesterase removal of the acyl group from acyl-ACP to
release free fatty acids (FFA). Thioesterases (e.g., tesA)
hydrolyze thioester bonds, which occur between acyl chains
and ACP through sulfhydryl bonds.

FIG. 3 illustrates the structure and function of the acetyl-
CoA carboxylase (accABCD) enzyme complex. Biotin car-
boxylase is encoded by the accC gene, whereas biotin car-
boxyl carrier protein (BCCP) is encoded by the accB gene.
The two subunits involved in carboxyltransferase activity are
encoded by the accA and accD genes. The covalently bound
biotin of BCCP carries the carboxylate moiety. The birA gene
(not shown) biotinylates holo-accB.

FIG. 4 presents a schematic overview of an exemplary
biosynthetic pathway for production of fatty alcohol starting
with acyl-ACP, where the production of fatty aldehyde is
catalyzed by the enzymatic activity of acyl-ACP reductase
(AAR) or thioesterase and carboxylic acid reductase (Car).
The fatty aldehyde is converted to fatty alcohol by aldehyde
reductase (also referred to as alcohol dehydrogenase). This
pathway does not include fatty acyl CoA synthetase (fadD).

FIG. 5 illustrates fatty acid derivative (Total Fatty Species)
production by the MG1655 E. coli strain with the fadE gene
attenuated (i.e., deleted) compared to fatty acid derivative
production by E. coli MG1655. The data presented in FIG. 5
shows that attenuation of the fadE gene did not affect fatty
acid derivative production.

FIGS. 6 A and 6B show data for production of “Total Fatty
Species” from duplicate plate screens when plasmid pCL-
WT TRC WT TesA was transformed into each of the strains
shown in the figures and a fermentation was run in FA2 media
with 20 hours from induction to harvest at both 32° C. (FIG.
6A) and 37° C. (FIG. 6B).

FIGS. 7A and 7B provide a diagrammatic depiction of the
iFAB138 locus, including a diagram of cat-loxP-T5 promoter
integrated in front of FAB138 (7A); and a diagram ofiT5_138
(7B). The sequence of cat-loxP-T5 promoter integrated in
front of FAB138 with 50 base pair of homology shown on
each side of cat-loxP-T5 promoter region is provided as SEQ
ID NO:1 and the sequence of the iT5_138 promoter region
with 50 base pair homology on each side is provided as SEQ
ID NO: 2.

FIG. 8 shows the effect of correcting the rph and ilvG
genes. EG149 (rph- ilvg—) and V668 (EG149 rph+ ilvG+)
were transformed with pCL-tesA (a pCL1920 plasmid con-
taining P,,--‘tesA) obtained from D191. The figure shows
that correcting the rph and ilvG genes in the EG149 strain
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allows for a higher level of FFA production than in the V668
strain where the rph and ilvG genes were not corrected.

FIG. 9 is a diagrammatic depiction of a transposon cassette
insertion in the yijP gene of strain LC535 (transposon hit
68F11). Promoters internal to the transposon cassette are
shown, and may have effects on adjacent gene expression.

FIG. 10 shows conversion of free fatty acids to fatty alco-
hols by CarB60 in strain V324. The figures shows that cells
expressing CarB60 from the chromosome (dark bars) convert
a greater fraction of C12 and C14 free fatty acids into fatty
alcohol compared to CarB (light bars).

FIG. 11 shows that cells expressing CarB60 from the chro-
mosome convert a greater fraction of C12 and C14 free fatty
acids into fatty alcohol compared to CarB.

FIG. 12 shows fatty alcohol production following fermen-
tation of combination library mutants.

FIG. 13 shows fatty alcohol production by carB variants in
production plasmid (carB 1 and CarB2) following shake-
flask fermentation.

FIG. 14 shows fatty alcohol production by single-copy
integrated carB variants (icarB1 icarB2, icarB3, and icarB4)
following shake-flask fermentation.

FIG. 15 shows results of dual-plasmid screening system for
improved CarB variants as validated by shake-flask fermen-
tation.

FIG. 16 shows novel CarB variants for improved produc-
tion of fatty alcohols in bioreactors.

DETAILED DESCRIPTION

General Overview

The present disclosure provides novel variant carboxylic
acid reductase (CAR) enzymes as well as their nucleic acid
and protein sequences. Further encompassed by the disclo-
sure are recombinant host cells and cell cultures that include
the variant CAR enzymes for the production of fatty alcohols.
In order for the production of fatty alcohols from fermentable
sugars or biomass to be commercially viable, the process
must be optimized for efficient conversion and recovery of
product. The present disclosure addresses this need by pro-
viding compositions and methods for improved production of
fatty alcohols using engineered variant enzymes and engi-
neered recombinant host cells. The host cells serve as bio-
catalysts resulting in high-titer production of fatty alcohols
using fermentation processes. As such, the disclosure further
provides methods to create photosynthetic and heterotrophic
host cells that produce fatty alcohols and alpha-olefins of
specific chain lengths directly such that catalytic conversion
of purified fatty acids is not necessary. This new method
provides product quality and cost advantages.

More specifically, the production of a desired fatty alcohol
composition may be enhanced by modifying the expression
of one or more genes involved in a biosynthetic pathway for
fatty alcohol production, degradation and/or secretion. The
disclosure provides recombinant host cells, which have been
engineered to provide enhanced fatty alcohol biosynthesis
relative to non-engineered or native host cells (e.g., strain
improvements). The disclosure also provides polynucleotides
useful in the recombinant host cells, methods, and composi-
tions of the disclosure. However it will be recognized that
absolute sequence identity to such polynucleotides is not
necessary. For example, changes in a particular polynucle-
otide sequence can be made and the encoded polypeptide
evaluated for activity. Such changes typically comprise con-
servative mutations and silent mutations (e.g., codon optimi-
zation). Modified or mutated polynucleotides (i.e., mutants)
and encoded variant polypeptides can be screened for a
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desired function, such as, an improved function compared to
the parent polypeptide, including but not limited to increased
catalytic activity, increased stability, or decreased inhibition
(e.g., decreased feedback inhibition), using methods known
in the art.

The disclosure identifies enzymatic activities involved in
various steps (i.e., reactions) of the fatty acid biosynthetic
pathways described herein according to Enzyme Classifica-
tion (EC) number, and provides exemplary polypeptides (i.e.,
enzymes) categorized by such EC numbers, and exemplary
polynucleotides encoding such polypeptides. Such exem-
plary polypeptides and polynucleotides, which are identified
herein by Accession Numbers and/or Sequence Identifier
Numbers (SEQ ID NOs), are useful for engineering fatty acid
pathways in parental host cells to obtain the recombinant host
cells described herein. It is to be understood, however, that
polypeptides and polynucleotides described herein are exem-
plary and non-limiting. The sequences of homologues of
exemplary polypeptides described herein are available to
those of skill in the art using databases (e.g., the Entrez
databases provided by the National Center for Biotechnology
Information (NCBI), the ExPasy databases provided by the
Swiss Institute of Bioinformatics, the BRENDA database
provided by the Technical University of Braunschweig, and
the KEGG database provided by the Bioinformatics Center of
Kyoto University and University of Tokyo, all which are
available on the World Wide Web).

A variety of host cells can be modified to contain a fatty
alcohol biosynthetic enzymes such as those described herein,
resulting in recombinant host cells suitable for the production
of fatty alcohol compositions. It is understood that a variety of
cells can provide sources of genetic material, including poly-
nucleotide sequences that encode polypeptides suitable for
use in a recombinant host cell provided herein.

Definitions

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which the disclosure
pertains. Although other methods and materials similar, or
equivalent, to those described herein can be used in the prac-
tice of the present disclosure, the preferred materials and
methods are described herein. In describing and claiming the
present disclosure, the following terminology will be used in
accordance with the definitions set out below.

Accession Numbers: Sequence Accession numbers
throughout this description were obtained from databases
provided by the NCBI (National Center for Biotechnology
Information) maintained by the National Institutes of Health,
U.S.A. (which are identified herein as “NCBI Accession
Numbers” or alternatively as “GenBank Accession Num-
bers”), and from the UniProt Knowledgebase (UniProtKB)
and Swiss-Prot databases provided by the Swiss Institute of
Bioinformatics (which are identified herein as “UniProtKB
Accession Numbers”).

Enzyme Classification (EC) Numbers: EC numbers are
established by the Nomenclature Committee of the Interna-
tional Union of Biochemistry and Molecular Biology
(IUBMB), description of which is available on the IUBMB
Enzyme Nomenclature website on the World Wide Web. EC
numbers classify enzymes according to the reaction cata-
lyzed.

As used herein, the term “nucleotide” refers to a mono-
meric unit of a polynucleotide that consists of a heterocyclic
base, a sugar, and one or more phosphate groups. The natu-
rally occurring bases (guanine, (G), adenine, (A), cytosine,
(C), thymine, (T), and uracil (U)) are typically derivatives of
purine or pyrimidine, though it should be understood that
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naturally and non-naturally occurring base analogs are also
included. The naturally occurring sugar is the pentose (five-
carbon sugar) deoxyribose (which forms DNA) or ribose
(which forms RNA), though it should be understood that
naturally and non-naturally occurring sugar analogs are also
included. Nucleic acids are typically linked via phosphate
bonds to form nucleic acids or polynucleotides, though many
other linkages are known in the art (e.g., phosphorothioates,
boranophosphates, and the like).

As used herein, the term “polynucleotide” refers to a poly-
mer of ribonucleotides (RNA) or deoxyribonucleotides
(DNA), which can be single-stranded or double-stranded and
which can contain non-natural or altered nucleotides. The
terms “polynucleotide,” “nucleic acid sequence,” and “nucle-
otide sequence” are used interchangeably herein to refer to a
polymeric form of nucleotides of any length, either RNA or
DNA. These terms refer to the primary structure of the mol-
ecule, and thus include double- and single-stranded DNA,
and double- and single-stranded RNA. The terms include, as
equivalents, analogs of either RNA or DNA made from nucle-
otide analogs and modified polynucleotides such as, though
not limited to methylated and/or capped polynucleotides. The
polynucleotide can be in any form, including but not limited
to, plasmid, viral, chromosomal, EST, cDNA, mRNA, and
rRNA.

As used herein, the terms “polypeptide” and “protein” are
used interchangeably to refer to a polymer of amino acid
residues. The term “recombinant polypeptide” refers to a
polypeptide that is produced by recombinant techniques,
wherein generally DNA or RNA encoding the expressed pro-
tein is inserted into a suitable expression vector that is in turn
used to transform a host cell to produce the polypeptide.

As used herein, the terms “homolog,” and “homologous™
refer to a polynucleotide or a polypeptide comprising a
sequence that is at least about 50% identical to the corre-
sponding polynucleotide or polypeptide sequence. Preferably
homologous polynucleotides or polypeptides have poly-
nucleotide sequences or amino acid sequences that have at
least about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%,
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98% or at least about 99% homology to the corresponding
amino acid sequence or polynucleotide sequence. As used
herein the terms sequence “homology” and sequence “iden-
tity” are used interchangeably.

One of ordinary skill in the art is well aware of methods to
determine homology between two or more sequences.
Briefly, calculations of “homology” between two sequences
can be performed as follows. The sequences are aligned for
optimal comparison purposes (e.g., gaps can be introduced in
one or both of a first and a second amino acid or nucleic acid
sequence for optimal alignment and non-homologous
sequences can be disregarded for comparison purposes). In a
preferred embodiment, the length of a first sequence that is
aligned for comparison purposes is at least about 30%, pref-
erably at least about 40%, more preferably at least about 50%,
even more preferably at least about 60%, and even more
preferably at least about 70%, at least about 80%, at least
about 90%, or about 100% ofthe length of a second sequence.
The amino acid residues or nucleotides at corresponding
amino acid positions or nucleotide positions of the first and
second sequences are then compared. When a position in the
first sequence is occupied by the same amino acid residue or
nucleotide as the corresponding position in the second
sequence, then the molecules are identical at that position.
The percent homology between the two sequences is a func-
tion of the number of identical positions shared by the
sequences, taking into account the number of gaps and the
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length of each gap, that need to be introduced for optimal
alignment of the two sequences.

The comparison of sequences and determination of percent
homology between two sequences can be accomplished using
a mathematical algorithm, such as BLAST (Altschul et al., J.
Mol. Biol., 215(3): 403-410 (1990)). The percent homology
between two amino acid sequences also can be determined
using the Needleman and Wunsch algorithm that has been
incorporated into the GAP program in the GCG software
package, using either a Blossum 62 matrix or a PAM250
matrix, and a gap weight of 16, 14, 12, 10, 8, 6, or 4 and a
length weightof1, 2, 3,4, 5, or 6 (Needleman and Wunsch, J.
Mol. Biol., 48: 444-453 (1970)). The percent homology
between two nucleotide sequences also can be determined
using the GAP program in the GCG software package, using
a NWSgapdna.CMP matrix and a gap weight of 40, 50, 60,
70, or 80 and a length weight of 1, 2, 3, 4, 5, or 6. One of
ordinary skill in the art can perform initial homology calcu-
lations and adjust the algorithm parameters accordingly. A
preferred set of parameters (and the one that should be used if
a practitioner is uncertain about which parameters should be
applied to determine if a molecule is within a homology
limitation of the claims) are a Blossum 62 scoring matrix with
agap penalty of 12, a gap extend penalty of 4, and a frameshift
gap penalty of 5. Additional methods of sequence alignment
are known in the biotechnology arts (see, e.g., Rosenberg,
BMC Bioinformatics, 6: 278 (2005); Altschul, etal., FEBS J.,
272(20): 5101-5109 (2005)).

As used herein, the term “hybridizes under low stringency,
medium stringency, high stringency, or very high stringency
conditions” describes conditions for hybridization and wash-
ing. Guidance for performing hybridization reactions can be
found in Current Protocols in Molecular Biology, John Wiley
& Sons, N.Y. (1989), 6.3.1-6.3.6. Aqueous and non-aqueous
methods are described in that reference and either method can
be used. Specific hybridization conditions referred to herein
are as follows: 1) low stringency hybridization conditions—
6x sodium chloride/sodium citrate (SSC) at about 45° C.,
followed by two washes in 0.2xSSC, 0.1% SDS at least at 50°
C. (the temperature of the washes can be increased to 55° C.
for low stringency conditions); 2) medium stringency hybrid-
ization conditions—6xSSC at about 45° C., followed by one
or more washes in 0.2xSSC, 0.1% SDS at 60° C.; 3) high
stringency hybridization conditions—6xSSC at about 45° C.,
followed by one or more washes in 0.2.X SSC, 0.1% SDS at
65° C.; and 4) very high stringency hybridization condi-
tions—0.5M sodium phosphate, 7% SDS at 65° C., followed
by one or more washes at 0.2xSSC, 1% SDS at 65° C. Very
high stringency conditions (4) are the preferred conditions
unless otherwise specified.

An “endogenous” polypeptide refers to a polypeptide
encoded by the genome of the parental microbial cell (also
termed “host cell”) from which the recombinant cell is engi-
neered (or “derived”).

An “exogenous” polypeptide refers to a polypeptide,
which is not encoded by the genome of the parental microbial
cell. A variant (i.e., mutant) polypeptide is an example of an
exogenous polypeptide.

The term “heterologous™ generally means derived from a
different species or derived from a different organism. As
used herein it refers to a nucleotide sequence or a polypeptide
sequence thatis not naturally present in a particular organism.
Heterologous expression means that a protein or polypeptide
is experimentally added to a cell that does not normally
express that protein. As such, heterologous refers to the fact
that a transtferred protein was initially derived from a different
cell type or a different species then the recipient. For example,
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a polynucleotide sequence endogenous to a plant cell can be
introduced into a bacterial host cell by recombinant methods,
and the plant polynucleotide is then a heterologous poly-
nucleotide in a recombinant bacterial host cell.

Asused herein, the term “fragment” of a polypeptide refers
to a shorter portion of a full-length polypeptide or protein
ranging in size from four amino acid residues to the entire
amino acid sequence minus one amino acid residue. In certain
embodiments of the disclosure, a fragment refers to the entire
amino acid sequence of a domain of a polypeptide or protein
(e.g., a substrate binding domain or a catalytic domain).

As used herein, the term “mutagenesis” refers to a process
by which the genetic information of an organism is changed
in a stable manner. Mutagenesis of a protein coding nucleic
acid sequence produces a mutant protein. Mutagenesis also
refers to changes in non-coding nucleic acid sequences that
result in modified protein activity.

As used herein, the term “gene” refers to nucleic acid
sequences encoding either an RNA product or a protein prod-
uct, as well as operably-linked nucleic acid sequences affect-
ing the expression of the RNA or protein (e.g., such sequences
include but are not limited to promoter or enhancer
sequences) or operably-linked nucleic acid sequences encod-
ing sequences that affect the expression of the RNA or protein
(e.g., such sequences include but are not limited to ribosome
binding sites or translational control sequences).

Expression control sequences are known in the art and
include, for example, promoters, enhancers, polyadenylation
signals, transcription terminators, internal ribosome entry
sites (IRES), and the like, that provide for the expression of
the polynucleotide sequence in a host cell. Expression control
sequences interact specifically with cellular proteins involved
in transcription (Maniatis et al., Science, 236: 1237-1245
(1987)). Exemplary expression control sequences are
described in, for example, Goeddel, Gene Expression Tech-
nology: Methods in Enzymology, Vol. 185, Academic Press,
San Diego, Calif. (1990).

In the methods of the disclosure, an expression control
sequence is operably linked to a polynucleotide sequence. By
“operably linked” is meant that a polynucleotide sequence
and an expression control sequence(s) are connected in such
a way as to permit gene expression when the appropriate
molecules (e.g., transcriptional activator proteins) are bound
to the expression control sequence(s). Operably linked pro-
moters are located upstream of the selected polynucleotide
sequence in terms of the direction of transcription and trans-
lation. Operably linked enhancers can be located upstream,
within, or downstream of the selected polynucleotide.

As used herein, the term “vector” refers to a nucleic acid
molecule capable of transporting another nucleic acid, i.e., a
polynucleotide sequence, to which it has been linked. One
type of useful vector is an episome (i.e., a nucleic acid capable
of extra-chromosomal replication). Useful vectors are those
capable of autonomous replication and/or expression of
nucleic acids to which they are linked. Vectors capable of
directing the expression of genes to which they are opera-
tively linked are referred to herein as “expression vectors.” In
general, expression vectors of utility in recombinant DNA
techniques are often in the form of “plasmids,” which refer
generally to circular double stranded DNA loops that, in their
vector form, are not bound to the chromosome. The terms
“plasmid” and “vector” are used interchangeably herein,
inasmuch as a plasmid is the most commonly used form of
vector. However, also included are such other forms of
expression vectors that serve equivalent functions and that
become known in the art subsequently hereto. In some
embodiments, the recombinant vector comprises at least one
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sequence including (a) an expression control sequence opera-
tively coupled to the polynucleotide sequence; (b) a selection
marker operatively coupled to the polynucleotide sequence;
(c) a marker sequence operatively coupled to the polynucle-
otide sequence; (d) a purification moiety operatively coupled
to the polynucleotide sequence; (e) a secretion sequence
operatively coupled to the polynucleotide sequence; and (f) a
targeting sequence operatively coupled to the polynucleotide
sequence. The expression vectors described herein include a
polynucleotide sequence described herein in a form suitable
for expression of the polynucleotide sequence in a host cell. It
will be appreciated by those skilled in the art that the design
of the expression vector can depend on such factors as the
choice of the host cell to be transformed, the level of expres-
sion of polypeptide desired, etc. The expression vectors
described herein can be introduced into host cells to produce
polypeptides, including fusion polypeptides, encoded by the
polynucleotide sequences as described herein.

Expression of genes encoding polypeptides in prokaryotes,
for example, E. coli, is most often carried out with vectors
containing constitutive or inducible promoters directing the
expression of either fusion or non-fusion polypeptides.
Fusion vectors add a number of amino acids to a polypeptide
encoded therein, usually to the amino- or carboxy-terminus of
the recombinant polypeptide. Such fusion vectors typically
serve one or more of the following three purposes: (1) to
increase expression of the recombinant polypeptide; (2) to
increase the solubility of the recombinant polypeptide; and
(3) to aid in the purification of the recombinant polypeptide
by acting as a ligand in affinity purification. Often, in fusion
expression vectors, a proteolytic cleavage site is introduced at
the junction of the fusion moiety and the recombinant
polypeptide. This enables separation of the recombinant
polypeptide from the fusion moiety after purification of the
fusion polypeptide. In certain embodiments, a polynucleotide
sequence of the disclosure is operably linked to a promoter
derived from bacteriophage T5. In certain embodiments, the
host cell is a yeast cell, and the expression vector is a yeast
expression vector. Examples of vectors for expression in
yeast S. cerevisiae include pYepSecl (Baldari et al., EMBO
J., 6:229-234 (1987)), pMFa (Kurjan et al., Cell, 30: 933-943
(1982)), pJRYS8S8 (Schultz et al., Gene, 54: 113-123 (1987)),
pYES2 (Invitrogen Corp., San Diego, Calif.), and picZ (Invit-
rogen Corp., San Diego, Calif.). In other embodiments, the
host cell is an insect cell, and the expression vector is a
baculovirus expression vector. Baculovirus vectors available
for expression of proteins in cultured insect cells (e.g., SO
cells) include, for example, the pAc series (Smith et al., Mol.
Cell. Biol., 3: 2156-2165 (1983)) and the pVL series (Luck-
low et al., Virology, 170: 31-39 (1989)). In yet another
embodiment, the polynucleotide sequences described herein
can be expressed in mammalian cells using a mammalian
expression vector. Other suitable expression systems for both
prokaryotic and eukaryotic cells are well known in the art;
see, e.g., Sambrook et al., “Molecular Cloning: A Laboratory
Manual,” second edition, Cold Spring Harbor Laboratory,
(1989).

As used herein “Acyl-CoA” refers to an acyl thioester
formed between the carbonyl carbon of alkyl chain and the
sulthydryl group of the 4'-phosphopantethionyl moiety of
coenzyme A (CoA), which has the formula R—C(0)S-CoA,
where R is any alkyl group having at least 4 carbon atoms.

As used herein “acyl-ACP” refers to an acyl thioester
formed between the carbonyl carbon of alkyl chain and the
sulthydryl group of the phosphopantetheinyl moiety of an
acyl carrier protein (ACP). The phosphopantetheinyl moiety
is post-translationally attached to a conserved serine residue



US 9,340,801 B2

11

on the ACP by the action of holo-acyl carrier protein synthase
(ACPS), a phosphopantetheinyl transferase. In some embodi-
ments an acyl-ACP is an intermediate in the synthesis of fully
saturated acyl-ACPs. In other embodiments an acyl-ACP is
an intermediate in the synthesis of unsaturated acyl-ACPs. In
some embodiments, the carbon chain will have about 5, 6, 7,
8,9,10,11,12,13,14,15,16,17, 18, 19, 20, 21, 22, 23, 24,
25, or 26 carbons. Each of these acyl-ACPs are substrates for
enzymes that convert them to fatty acid derivatives.

As used herein, the term “fatty acid or derivative thereof”
means a “fatty acid” or a “fatty acid derivative”” The term
“fatty acid” means a carboxylic acid having the formula
RCOOH. R represents an aliphatic group, preferably an alkyl
group. R can comprise between about 4 and about 22 carbon
atoms. Fatty acids can be saturated, monounsaturated, or
polyunsaturated. In a preferred embodiment, the fatty acid is
made from a fatty acid biosynthetic pathway. The term “fatty
acid derivative” means products made in part from the fatty
acid biosynthetic pathway of the production host organism.
“Fatty acid derivative” also includes products made in part
from acyl-ACP or acyl-ACP derivatives. Exemplary fatty
acid derivatives include, for example, acyl-CoA, fatty alde-
hydes, short and long chain alcohols, hydrocarbons, and
esters (e.g., waxes, fatty acid esters, or fatty esters).

As used herein, the term “fatty acid biosynthetic pathway”
means a biosynthetic pathway that produces fatty acid deriva-
tives, for example, fatty alcohols. The fatty acid biosynthetic
pathway includes fatty acid synthases that can be engineered
to produce fatty acids, and in some embodiments can be
expressed with additional enzymes to produce fatty acid
derivatives, such as fatty alcohols having desired character-
istics.

As used herein, “fatty aldehyde” means an aldehyde hav-
ing the formula RCHO characterized by a carbonyl group
(C=0). In some embodiments, the fatty aldehyde is any
aldehyde made from a fatty alcohol. In certain embodiments,
the R group is at least 5, at least 6, at least 7, at least 8, at least
9, at least 10, at least 11, at least 12, at least 13, at least 14, at
least 15, at least 16, at least 17, at least 18, or at least 19,
carbons in length. Alternatively, or in addition, the R group is
20 or less, 19 or less, 18 or less, 17 or less, 16 or less, 15 or
less, 14 or less, 13 or less, 12 or less, 11 or less, 10 or less, 9
orless, 8 or less, 7 or less, or 6 or less carbons in length. Thus,
the R group can have an R group bounded by any two of the
above endpoints. For example, the R group can be 6-16 car-
bons in length, 10-14 carbons in length, or 12-18 carbons in
length. In some embodiments, the fatty aldehyde is a C, C,,
CSS C95 CIOS Cll’ C125 C135 C145 CISS C165 C175 CISS C195 C205
C,1, Cusy Cos, Cauyu, Cus, or a Cyi fatty aldehyde. In certain
embodiments, the fatty aldehyde is a Cg, Cg, C, C,5, Cy3,
C,4, Cis, Cyg, C, 5, or C, ¢ fatty aldehyde.

As used herein, “fatty alcohol” means an alcohol having
the formula ROH. In some embodiments, the R group is at
least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at
least 11, at least 12, at least 13, at least 14, at least 15, at least
16, at least 17, at least 18, or at least 19, carbons in length.
Alternatively, or in addition, the R group is 20 or less, 19 or
less, 18 or less, 17 or less, 16 or less, 15 or less, 14 or less, 13
orless, 12 or less, 11 or less, 10 or less, 9 or less, 8 or less, 7
or less, or 6 or less carbons in length. Thus, the R group can
have an R group bounded by any two of the above endpoints.
For example, the R group can be 6-16 carbons inlength, 10-14
carbons in length, or 12-18 carbons in length. In some
embodiments, the fatty alcohol is a Cg, C,, Cq, Cg, Cy, Cy1,
C125 C135 C145 CISS C165 C175 CISS C195 C205 C215 C225 C235 C24
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C,s, or a C, fatty alcohol. In certain embodiments, the fatty
alcohol is a Cg, Cq, Cp, C5, Ci3, C 4, Cy5, Ci, Cpp0r Cr g
fatty alcohol.

A ““atty alcohol composition” as referred to herein is pro-
duced by a recombinant host cell and typically comprises a
mixture of fatty alcohols. In some cases, the mixture includes
more than one type of product (e.g., fatty alcohols and fatty
acids). In other cases, the fatty acid derivative compositions
may comprise, for example, a mixture of fatty alcohols with
various chain lengths and saturation or branching character-
istics. In still other cases, the fatty alcohol composition com-
prises a mixture of both more than one type of product and
products with various chain lengths and saturation or branch-
ing characteristics.

A host cell engineered to produce a fatty aldehyde will
typically convert some of the fatty aldehyde to a fatty alcohol.
When a host cell, which produces fatty alcohols is engineered
to express a polynucleotide encoding an ester synthase, wax
esters are produced. In one embodiment, fatty alcohols are
made from a fatty acid biosynthetic pathway. As an example,
Acyl-ACP can be converted to fatty acids via the action of a
thioesterase (e.g., £. coli TesA), which are converted to fatty
aldehydes and fatty alcohols via the action of a carboxylic
acid reductase (e.g., £. coli CarB). Conversion of fatty alde-
hydes to fatty alcohols can be further facilitated, for example,
via the action of a fatty alcohol biosynthetic polypeptide. In
some embodiments, a gene encoding a fatty alcohol biosyn-
thetic polypeptide is expressed or overexpressed in the host
cell. In certain embodiments, the fatty alcohol biosynthetic
polypeptide has aldehyde reductase or alcohol dehydroge-
nase activity. Examples of alcohol dehydrogenase polypep-
tides useful in accordance with the disclosure include, but are
not limited to AlrA of Acinetobacter sp. M-1 (SEQ ID NO: 3)
or AlrA homologs, such as AlrAadpl (SEQ ID NO:4) and
endogenous E. coli alcohol dehydrogenases such as YjgB,
(AAC77226) (SEQ ID NO: 5), DkgA (NP_417485), DkgB
(NP_414743), YdjL (AAC74846),YdjJ (NP_416288), AdhP
(NP_415995), YhdH(NP_417719), YahK (NP_414859),
YphC (AAC75598), YghD (446856) and YbbO
[AAC73595.1]. Additional examples are described in Inter-
national Patent Application Publication Nos. W02007/
136762, W02008/119082 and W02010/062480, each of
which is expressly incorporated by reference herein. In cer-
tain embodiments, the fatty alcohol biosynthetic polypeptide
has aldehyde reductase or alcohol dehydrogenase activity
(EC 1.1.1.1).

Asused herein, the term “alcohol dehydrogenase” refers to
a polypeptide capable of catalyzing the conversion of a fatty
aldehyde to an alcohol (e.g., fatty alcohol). One of ordinary
skill in the art will appreciate that certain alcohol dehydroge-
nases are capable of catalyzing other reactions as well, and
these non-specific alcohol dehydrogenases also are encom-
passed by the term “alcohol dehydrogenase.” The R group of
a fatty acid, fatty aldehyde, or fatty alcohol can be a straight
chain or a branched chain. Branched chains may have more
than one point of branching and may include cyclic branches.
In some embodiments, the branched fatty acid, branched fatty
aldehyde, or branched fatty alcohol is a Cg, C,, Cq, Cq, Cy,
Ci1,C12,C5,Cius G5, Ci6, G2, Cras Gy Cons G Gy Coss
C,.,, Cys, or a C,¢ branched fatty acid, branched fatty alde-
hyde, or branched fatty alcohol. In particular embodiments,
the branched fatty acid, branched fatty aldehyde, or branched
fatty alcohol is a Cg, Cq, C 0, C15, Cy 5, C 4y Ci5, Ci, Cp 5 01
C, s branched fatty acid, branched fatty aldehyde, or branched
fatty alcohol. In certain embodiments, the hydroxyl group of
the branched fatty acid, branched fatty aldehyde, or branched
fatty alcohol is in the primary (C,) position. In certain



US 9,340,801 B2

13

embodiments, the branched fatty acid, branched fatty alde-
hyde, or branched fatty alcohol is an iso-fatty acid, iso-fatty
aldehyde, or iso-fatty alcohol, or an antesio-fatty acid, an
anteiso-fatty aldehyde, or anteiso-fatty alcohol. In exemplary
embodiments, the branched fatty acid, branched fatty alde-
hyde, or branched fatty alcohol is selected from iso-C,.,
180-Cyg o, 180-Cg.q, 150-C, (.0, 150-C; ., 150-C1 5.0, 150-C, 3.0,
180-C 4.9, 150-C 5.0, 180-C 4.0, 180-C 5., 180-C 5o, 150-C 5.0,
anteiso-C,.,, anteiso-Cg,, anteiso-C,,, anteiso-C,, .,
anteiso-C,,.,, anteiso-C,,.,, anteiso-C,;.,, anteiso-C, .,
anteiso-C 5., anteiso-C 4., anteiso-C, 5., anteiso-C, 5., and
anteiso-C . branched fatty acid, branched fatty aldehyde or
branched fatty alcohol. The R group of a branched or
unbranched fatty acid, branched or unbranched fatty alde-
hyde, or branched or unbranched fatty alcohol can be satu-
rated or unsaturated. If unsaturated, the R group can have one
or more than one point of unsaturation. In some embodi-
ments, the unsaturated fatty acid, unsaturated fatty aldehyde,
or unsaturated fatty alcohol is a monounsaturated fatty acid,
monounsaturated fatty aldehyde, or monounsaturated fatty
alcohol. In certain embodiments, the unsaturated fatty acid,
unsaturated fatty aldehyde, or unsaturated fatty alcohol is a
Cé6:1,C7:1,C8:1,€9:1,C10:1,C11:1,C12:1,C13:1, C14:1,
C15:1, C16:1, C17:1, C18:1, C19:1, C20:1, C21:1, C22:1,
(C23:1,C24:1,C25:1, ora C26:1 unsaturated fatty acid, unsat-
urated fatty aldehyde, or unsaturated fatty alcohol. In certain
preferred embodiments, the unsaturated fatty acid, unsatur-
ated fatty aldehyde, or unsaturated fatty alcohol is C10:1,
C12:1,C14:1,C16:1,0r C18:1. Inyet other embodiments, the
unsaturated fatty acid, unsaturated fatty aldehyde, or unsat-
urated fatty alcohol is unsaturated at the omega-7 position. In
certain embodiments, the unsaturated fatty acid, unsaturated
fatty aldehyde, or unsaturated fatty alcohol comprises a cis
double bond.

As used herein, a recombinant or engineered “host cell” is
ahostcell, e.g., a microorganism that has been modified such
that it produces fatty alcohols. In some embodiments, the
recombinant host cell comprises one or more polynucle-
otides, each polynucleotide encoding a polypeptide having
fatty aldehyde and/or fatty alcohol biosynthetic enzyme
activity, wherein the recombinant host cell produces a fatty
alcohol composition when cultured in the presence of a car-
bon source under conditions effective to express the poly-
nucleotides.

Asused herein, the term “clone” typically refers to a cell or
group of cells descended from and essentially genetically
identical to a single common ancestor, for example, the bac-
teria of a cloned bacterial colony arose from a single bacterial
cell.

As used herein, the term “culture” typical refers to a liquid
media comprising viable cells. In one embodiment, a culture
comprises cells reproducing in a predetermined culture media
under controlled conditions, for example, a culture of recom-
binant host cells grown in liquid media comprising a selected
carbon source and nitrogen. “Culturing” or “cultivation”
refers to growing a population of microbial cells under suit-
able conditions in a liquid or solid medium. In particular
embodiments, culturing refers to the fermentative bioconver-
sion of a substrate to an end-product. Culturing media are
well known and individual components of such culture media
are available from commercial sources, e.g., under the
Difco™ and BBL™ trademarks. In one non-limiting
example, the aqueous nutrient medium is a “rich medium”
comprising complex sources of nitrogen, salts, and carbon,
such as YP medium, comprising 10 g/L. of peptone and 10 g/L.
yeast extract of such a medium. The host cell can be addition-
ally engineered to assimilate carbon efficiently and use cel-
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Iulosic materials as carbon sources according to methods
described for example in U.S. Pat. Nos. 5,000,000; 5,028,
539; 5,424,202; 5,482,846; 5,602,030 and W02010127318,
each of which is expressly incorporated by reference herein.
In addition, the host cell can be engineered to express an
invertase so that sucrose can be used as a carbon source.

As used herein, the term “under conditions effective to
express said heterologous nucleotide sequences” means any
conditions that allow a host cell to produce a desired fatty
aldehyde or fatty alcohol. Suitable conditions include, for
example, fermentation conditions.

As used herein, “modified” or an “altered level of” activity
of a protein, for example an enzyme, in a recombinant host
cell refers to a difference in one or more characteristics in the
activity determined relative to the parent or native host cell.
Typically differences in activity are determined between a
recombinant host cell, having modified activity, and the cor-
responding wild-type host cell (e.g., comparison of a culture
of a recombinant host cell relative to wild-type host cell).
Modified activities can be the result of, for example, modified
amounts of protein expressed by a recombinant hostcell (e.g.,
as the result of increased or decreased number of copies of
DNA sequences encoding the protein, increased or decreased
number of mRNA transcripts encoding the protein, and/or
increased or decreased amounts of protein translation of the
protein from mRNA); changes in the structure of the protein
(e.g., changes to the primary structure, such as, changes to the
protein’s coding sequence that result in changes in substrate
specificity, changes in observed kinetic parameters); and
changes in protein stability (e.g., increased or decreased deg-
radation of the protein). In some embodiments, the polypep-
tide is a mutant or a variant of any of the polypeptides
described herein. In certain instances, the coding sequences
for the polypeptides described herein are codon optimized for
expression in a particular host cell. For example, for expres-
sion in E. coli, one or more codons can be optimized as
described in, e.g., Grosjean et al., Gene 18:199-209 (1982).

The term “regulatory sequences” as used herein typically
refers to a sequence of bases in DNA, operably-linked to
DNA sequences encoding a protein that ultimately controls
the expression of the protein. Examples of regulatory
sequences include, but are not limited to, RNA promoter
sequences, transcription factor binding sequences, transcrip-
tion termination sequences, modulators of transcription (such
as enhancer elements), nucleotide sequences that affect RNA
stability, and translational regulatory sequences (such as,
ribosome binding sites (e.g., Shine-Dalgarno sequences in
prokaryotes or Kozak sequences in eukaryotes), initiation
codons, termination codons).

As used herein, the phrase “the expression of said nucle-
otide sequence is modified relative to the wild type nucleotide
sequence,” means an increase or decrease in the level of
expression and/or activity of an endogenous nucleotide
sequence or the expression and/or activity of a heterologous
or non-native polypeptide-encoding nucleotide sequence. As
used herein, the term “overexpress” means to express or cause
to be expressed a polynucleotide or polypeptide in a cell at a
greater concentration than is normally expressed in a corre-
sponding wild-type cell under the same conditions.

Theterms “altered level of expression” and “modified level
of expression” are used interchangeably and mean that a
polynucleotide, polypeptide, or hydrocarbon is present in a
different concentration in an engineered host cell as com-
pared to its concentration in a corresponding wild-type cell
under the same conditions.

As used herein, the term “titer” refers to the quantity of
fatty aldehyde or fatty alcohol produced per unit volume of
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host cell culture. In any aspect of the compositions and meth-
ods described herein, a fatty alcohol is produced at a titer of
about 25 mg/L, about 50 mg/L, about 75 mg/I., about 100
mg/L, about 125 mg/I., about 150 mg/L,, about 175 mg/L,
about 200 mg/L, about 225 mg/L., about 250 mg/L., about 275
mg/L, about 300 mg/L., about 325 mg/L,, about 350 mg/L,,
about 375 mg/L, about 400 mg/L., about 425 mg/L., about 450
mg/L, about 475 mg/L., about 500 mg/L, about 525 mg/L,
about 550 mg/L, about 575 mg/L., about 600 mg/L., about 625
mg/L, about 650 mg/L., about 675 mg/L., about 700 mg/L.,
about 725 mg/L, about 750 mg/L., about 775 mg/L, about 800
mg/L, about 825 mg/L., about 850 mg/L,, about 875 mg/L,
about 900 mg/L, about 925 mg/L., about 950 mg/L., about 975
mg/L, about 1000 mg/L, about 1050 mg/L, about 1075 mg/L.,
about 1100 mg/L, about 1125 mg/L, about 1150 mg/L, about
1175 mg/L, about 1200 mg/L., about 1225 mg/L, about 1250
mg/L, about 1275 mg/L, about 1300 mg/L, about 1325 mg/L.,
about 1350 mg/L, about 1375 mg/L, about 1400 mg/L, about
1425 mg/L, about 1450 mg/L., about 1475 mg/L, about 1500
mg/L, about 1525 mg/L, about 1550 mg/L, about 1575 mg/L,,
about 1600 mg/L, about 1625 mg/L., about 1650 mg/L, about
1675 mg/L, about 1700 mg/L., about 1725 mg/L, about 1750
mg/L, about 1775 mg/L, about 1800 mg/L, about 1825 mg/L.,
about 1850 mg/L, about 1875 mg/L., about 1900 mg/L, about
1925 mg/L, about 1950 mg/L., about 1975 mg/L, about 2000
mg/L (2g/L),3 g/L, 5¢/L,10g/1L, 20 g/L,30g/L, 40 g/L, 50
g/L, 60 g/L, 70 g/, 80 g/L, 90 g/L., 100 g/LL or a range
bounded by any two of the foregoing values. In other embodi-
ments, a fatty aldehyde or fatty alcohol is produced at a titer
of more than 100 g/IL, more than 200 g/L., more than 300 g/L,
or higher, such as 500 g/L, 700 g/L, 1000 g/L, 1200 g/, 1500
g/L, or 2000 g/L.. The preferred titer of fatty aldehyde or fatty
alcohol produced by a recombinant host cell according to the
methods of the disclosure is from 5 g/I. to 200 g/L., 10 g/L. to
150 g/L, 20 g/L to 120 g/L. and 30 g/L to 100 g/L..

Asusedherein, the term “yield of the fatty aldehyde or fatty
alcohol produced by a host cell” refers to the efficiency by
which an input carbon source is converted to product (i.e.,
fatty alcohol or fatty aldehyde) in a host cell. Host cells
engineered to produce fatty alcohols and/or fatty aldehydes
according to the methods of the disclosure have a yield of at
least 3%, at least 4%, at least 5%, at least 6%, at least 7%, at
least 8%, at least 9%, at least 10%, at least 11%, at least 12%,
at least 13%, at least 14%, at least 15%, at least 16%, at least
17%, at least 18%, at least 19%, at least 20%, at least 21%, at
least 22%, at least 23%, at least 24%, at least 25%, at least
26%, at least 27%, at least 28%, at least 29%, or at least 30%
or a range bounded by any two of the foregoing values. In
other embodiments, a fatty aldehyde or fatty alcohol is pro-
duced at a yield of more than 30%, 40%, 50%, 60%, 70%,
80%, 90% or more. Alternatively, or in addition, the yield is
about 30% or less, about 27% or less, about 25% or less, or
about 22% or less. Thus, the yield can be bounded by any two
of the above endpoints. For example, the yield of the fatty
alcohol or fatty aldehyde produced by the recombinant host
cell according to the methods of the disclosure can be 5% to
15%, 10% to 25%, 10% to 22%, 15% to 27%, 18% to 22%,
20% to 28%, or 20% to 30%. The preferred yield of fatty
alcohol produced by the recombinant host cell according to
the methods of the disclosure is from 10% to 30%.

As used herein, the term “productivity” refers to the quan-
tity of fatty aldehyde or fatty alcohol produced per unit vol-
ume of host cell culture per unit time. In any aspect of the
compositions and methods described herein, the productivity
of fatty aldehyde or fatty alcohol produced by a recombinant
host cell is at least 100 mg/I/hour, at least 200 mg/I/hour,, at
least 300 mg/L/hour, at least 400 mg/I/hour, at least 500
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mg/L/hour, at least 600 mg/I/hour, at least 700 mg/L/hour, at
least 800 mg/IL/hour, at least 900 mg/I/hour, at least 1000
mg/L/hour, at least 1100 mg/L/hour, at least 1200 mg/L/hour,
at least 1300 mg/L/hour, at least 1400 mg/I/hour, at least
1500 mg/L/hour, atleast 1600 mg/L/hour, at least 1700 mg/I./
hour, at least 1800 mg/I/hour, at least 1900 mg/L/hour, at
least 2000 mg/L/hour, at least 2100 mg/L/hour, at least 2200
mg/L/hour, at least 2300 mg/L/hour, at least 2400 mg/L/hour,
or at least 2500 mg/L/hour. Alternatively, or in addition, the
productivity is 2500 mg/L/hour or less, 2000 mg/T./OD,, or
less, 1500 mg/L/ODygy, or less, 120 mg/L/hour, or less, 1000
mg/L/hour or less, 800 mg/I/hour, or less, or 600 mg/./hour
or less. Thus, the productivity can be bounded by any two of
the above endpoints. For example, the productivity can be 3 to
30mg/L/hour,, 6to 20 mg/L/hour, or 15to 30 mg/L/hour. The
preferred productivity of a fatty aldehyde or fatty alcohol
produced by a recombinant host cell according to the methods
of the disclosure is selected from 500 mg/L/hour to 2500
mg/L/hour, or from 700 mg/I/hour to 2000 mg/L/hour.

The terms “total fatty species™ and “total fatty acid prod-
uct” may be used interchangeably herein with reference to the
total amount of fatty alcohols, fatty aldehydes, free fatty
acids, and fatty esters present in a sample as evaluated by
GC-FID as described in International Patent Application Pub-
lication WO 2008/119082. Samples may contain one, two,
three, or four of these compounds depending on the context.

As used herein, the term “glucose utilization rate” means
the amount of glucose used by the culture per unit time,
reported as grams/liter/hour (g/L/hr).

As used herein, the term “carbon source” refers to a sub-
strate or compound suitable to be used as a source of carbon
for prokaryotic or simple eukaryotic cell growth. Carbon
sources can be in various forms, including, but not limited to
polymers, carbohydrates, acids, alcohols, aldehydes, ketones,
amino acids, peptides, and gases (e.g., CO and CO,). Exem-
plary carbon sources include, but are not limited to, monosac-
charides, such as glucose, fructose, mannose, galactose,
xylose, and arabinose; oligosaccharides, such as fructo-oli-
gosaccharide and galacto-oligosaccharide; polysaccharides
such as starch, cellulose, pectin, and xylan; disaccharides,
such as sucrose, maltose, cellobiose, and turanose; cellulosic
material and variants such as hemicelluloses, methyl cellu-
lose and sodium carboxymethyl cellulose; saturated or unsat-
urated fatty acids, succinate, lactate, and acetate; alcohols,
such as ethanol, methanol, and glycerol, or mixtures thereof.
The carbon source can also be a product of photosynthesis,
such as glucose. In certain preferred embodiments, the carbon
source is biomass. In other preferred embodiments, the car-
bon source is glucose. In other preferred embodiments the
carbon source is sucrose.

As used herein, the term “biomass” refers to any biological
material from which a carbon source is derived. In some
embodiments, a biomass is processed into a carbon source,
which is suitable for bioconversion. In other embodiments,
the biomass does not require further processing into a carbon
source. The carbon source can be converted into a biofuel. An
exemplary source of biomass is plant matter or vegetation,
such as corn, sugar cane, or switchgrass. Another exemplary
source of biomass is metabolic waste products, such as ani-
mal matter (e.g., cow manure). Further exemplary sources of
biomass include algae and other marine plants. Biomass also
includes waste products from industry, agriculture, forestry,
and households, including, but not limited to, fermentation
waste, ensilage, straw, lumber, sewage, garbage, cellulosic
urban waste, and food leftovers. The term “biomass” also can
refer to sources of carbon, such as carbohydrates (e.g.,
monosaccharides, disaccharides, or polysaccharides).
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As used herein, the term “isolated,” with respect to prod-
ucts (such as fatty acids and derivatives thereof) refers to
products that are separated from cellular components, cell
culture media, or chemical or synthetic precursors. The fatty
acids and derivatives thereof produced by the methods
described herein can be relatively immiscible in the fermen-
tation broth, as well as in the cytoplasm. Therefore, the fatty
acids and derivatives thereof can collect in an organic phase
either intracellularly or extracellularly.

As used herein, the terms “purify,” “purified,” or “purifi-
cation” mean the removal or isolation of a molecule from its
environment by, for example, isolation or separation. “Sub-
stantially purified” molecules are at least about 60% free
(e.g., at least about 70% free, at least about 75% free, at least
about 85% free, at least about 90% free, at least about 95%
free, at least about 97% free, at least about 99% free) from
other components with which they are associated. As used
herein, these terms also refer to the removal of contaminants
from a sample. For example, the removal of contaminants can
result in an increase in the percentage of a fatty aldehyde or a
fatty alcohol in a sample. For example, when a fatty aldehyde
or a fatty alcohol is produced in a recombinant host cell, the
fatty aldehyde or fatty alcohol can be purified by the removal
of recombinant host cell proteins. After purification, the per-
centage of a fatty aldehyde or a fatty alcohol in the sample is
increased. The terms “purify,” “purified,” and “purification”
are relative terms which do not require absolute purity. Thus,
for example, when a fatty aldehyde or a fatty alcohol is
produced in recombinant host cells, a purified fatty aldehyde
or a purified fatty alcohol is a fatty aldehyde or a fatty alcohol
that is substantially separated from other cellular components
(e.g., nucleic acids, polypeptides, lipids, carbohydrates, or
other hydrocarbons).

Strain Improvements

In order to meet very high targets for titer, yield, and/or
productivity of fatty alcohols, a number of modifications
were made to the production host cells. FadR is a key regu-
latory factor involved in fatty acid degradation and fatty acid
biosynthesis pathways (Cronan et al., Mol. Microbiol., 29(4):
937-943 (1998)). The E. coli ACS enzyme FadD and the fatty
acid transport protein Fadl. are essential components of a
fatty acid uptake system. Fadl. mediates transport of fatty
acids into the bacterial cell, and FadD mediates formation of
acyl-CoA esters. When no other carbon source is available,
exogenous fatty acids are taken up by bacteria and converted
to acyl-CoA esters, which can bind to the transcription factor
FadR and derepress the expression of the fad genes that
encode proteins responsible for fatty acid transport (FadL),
activation (FadD), and p-oxidation (FadA, FadB, FadE, and
FadH). When alternative sources of carbon are available,
bacteria synthesize fatty acids as acyl-ACPs, which are used
for phospholipid synthesis, but are not substrates for [-oxi-
dation. Thus, acyl-CoA and acyl-ACP are both independent
sources of fatty acids that can result in different end-products
(Caviglia et al., J. Biol. Chem., 279(12): 1163-1169 (2004)).
U.S. Provisional Application No. 61/470,989 describes
improved methods of producing fatty acid derivatives in a
host cell which is genetically engineered to have an altered
level of expression of a FadR polypeptide as compared to the
level of expression of the FadR polypeptide in a correspond-
ing wild-type host cell.

There are conflicting speculations in the art as to the lim-
iting factors of fatty acid biosynthesis in host cells, such as F.
coli. One approach to increasing the flux through fatty acid
biosynthesis is to manipulate various enzymes in the pathway
(FIGS. 1 and 2). The supply of acyl-ACPs from acetyl-CoA
via the acetyl-CoA carboxylase (acc) complex (FIG. 3) and
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fatty acid biosynthetic (fab) pathway may limit the rate of
fatty alcohol production. In one exemplary approach detailed
in Example 2, the effect of overexpression of Corynebacte-
rium glutamicum accABCD (zbirA) demonstrated that such
genetic modifications can lead to increased acetyl-coA and
malonyl-CoA in E. coli. One possible reason for a low rate of
flux through fatty acid biosynthesis is a limited supply of
precursors, namely acetyl-CoA and, in particular, malonyl-
CoA, and the main precursors for fatty acid biosynthesis.
Example 3 describes the construction of fab operons that
encode enzymes in the biosynthetic pathway for conversion
of'malonyl-CoA into acyl-ACPs and integration into the chro-
mosome of an E. coli host cell. In yet another approach
detailed in Example 4, mutations in the rph and ilvG genes in
the E. coli host cell were shown to result in higher free fatty
acid (FFA) production, which translated into higher produc-
tion of fatty alcohol. In still another approach, transposon
mutagenesis and high-throughput screening was done to find
beneficial mutations that increase the titer or yield. Example
5 describes how a transposon insertion in the yijP gene can
improve the fatty alcohol yield in shake flask and fed-batch
fermentations.

Carboxylic Acid Reductase (CAR)

Recombinant host cells have been engineered to produce
fatty alcohols by expressing a thioesterase, which catalyzes
the conversion of acyl-ACPs into free fatty acids (FFAs) and
a carboxylic acid reductase (CAR), which converts free fatty
acids into fatty aldehydes. Native (endogenous) aldehyde
reductases present in the host cell (e.g., E. coli) can convert
fatty aldehydes into fatty alcohols. Exemplary thioesterases
are described for example in US Patent Publication No.
20100154293, expressly incorporated by reference herein.
CarB, is an exemplary carboxylic acid reductase, a key
enzyme in the fatty alcohol production pathway. W0O2010/
062480 describes a BLAST search using the NRRL 5646
CAR amino acid sequence (Genpept accession AAR91681)
(SEQ ID NO: 6) as the query sequence, and use thereof in
identification of approximately 20 homologous sequences.

The terms “carboxylic acid reductase,” “CAR,” and “fatty
aldehyde biosynthetic polypeptide” are used interchangeably
herein. In practicing the disclosure, a gene encoding a car-
boxylic acid reductase polypeptide is expressed or overex-
pressed in the host cell. In some embodiments, the CarB
polypeptide has the amino acid sequence of SEQ ID NO: 7. In
other embodiments, the CarB polypeptide is a variant or
mutant of SEQ ID NO: 7. In certain embodiments, the CarB
polypeptide is from a mammalian cell, plant cell, insect cell,
yeast cell, fungus cell, filamentous fungi cell, a bacterial cell,
or any other organism. In some embodiments, the bacterial
cell is a mycobacterium selected from the group consisting of
Mycobacterium smegmatis, Mycobacterium abscessus,
Mycobacterium avium, Mycobacterium bovis, Mycobacte-
rium tuberculosis, Mycobacterium leprae, Mycobacterium
marinum, and Mycobacterium ulcerans. In other embodi-
ments, the bacterial cell is from a Nocardia species, for
example, Nocardia NRRL 5646, Nocardia farcinica, Strep-
tomyces griseus, Salinispora arenicola, or Clavibacter michi-
ganenesis. In other embodiments, the CarB polypeptide is a
homologue of CarB having an amino acid sequence that is at
least about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%,
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98% or 99% identical to the amino acid sequence of SEQ ID
NO: 7. The identity of a CarB polypeptide having at least
about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% or
99% identity to the amino acid sequence of SEQ ID NO: 7 is
not particularly limited, and one of ordinary skill in the art can



US 9,340,801 B2

19

readily identify homologues of E. coli MG1655 derived-
CarB and determine its function using the methods described
herein. In other embodiments, the CarB polypeptide contains
a mutation at amino acid number 3, 12, 20, 28, 46, 74, 103,
191, 288, 473, 827, 926,927,930 or 1128 of SEQ ID NO: 7.
Exemplary mutations are detailed in Table 10. Preferred frag-
ments or mutants of a polypeptide retain some or all of the
biological function (e.g., enzymatic activity) of the corre-
sponding wild-type polypeptide. In some embodiments, the
fragment or mutant retains at least about 75%, at least about
80%, at least about 90%, at least about 95%, or at least about
98% or more of the biological function of the corresponding
wild-type polypeptide. In other embodiments, the fragment
or mutant retains about 100% of the biological function of the
corresponding wild-type polypeptide. Guidance in determin-
ing which amino acid residues may be substituted, inserted,
or deleted without affecting biological activity may be found
using computer programs well known in the art, for example,
LASERGENE™ software (DNASTAR, Inc., Madison,
Wis.).

In yet other embodiments, a fragment or mutant exhibits
increased biological function as compared to a corresponding
wild-type polypeptide. For example, a fragment or mutant
may display at least abouta 10%, at least about a 25%, at least
about a 50%, at least about a 75%, or at least about a 90%
improvement in enzymatic activity as compared to the corre-
sponding wild-type polypeptide. In other embodiments, the
fragment or mutant displays at least about 100% (e.g., at least
about 200%, or at least about 500%) improvement in enzy-
matic activity as compared to the corresponding wild-type
polypeptide. It is understood that the polypeptides described
herein may have additional conservative or non-essential
amino acid substitutions, which do not have a substantial
effect on the polypeptide function. Whether or not a particular
substitution will be tolerated (i.e., will not adversely affect
desired biological function, such as DNA binding or enzyme
activity) can be determined as described in Bowie et al. (Sci-
ence, 247: 1306-1310 (1990)).

As a result of the methods and variant enzymes of the
present disclosure, one or more of the titer, yield, and/or
productivity of the fatty acid or derivative thereof produced
by the engineered host cell having an altered level of expres-
sion of a CarB polypeptide is increased relative to that of the
corresponding wild-type host cell. To allow for maximum
conversion of C12 and C14 fatty acids into fatty alcohols,
CarB must be expressed at sufficient activity. An improved
recombinant host cell would have a CAR enzyme that is
expressed from, for example, the . coli chromosome. As
shown in Example 6, cells expressing the CarB enzyme from
the chromosome have more carboxylic acid reductase activity
relative to the original CarB and are able to convert more C12
and C14 fatty acids into fatty alcohols. CarB is a large gene
(3.5 kb) and increases plasmid size considerably, making it
difficult to use a pCL plasmid to test new genes during strain
development. Approaches to increasing the activity of CarB,
include increasing its solubility, stability, expression and/or
functionality. In one exemplary approach, a fusion protein
that contains 6 histidines and a thrombin cleavage site at the
N-terminus of CarB is produced. This enzyme differs from
CarB by an additional 60 nucleotides at the N-terminus, and
is named CarB60. When CarB or CarB60 are expressed from
the E. coli chromosome under control of the pTRC promoter,
cells containing CarB60 have increased total cellular car-
boxylic acid reductase activity and convert more C12 and C14
free fatty acids (FFAs) into fatty alcohols. One of skill in the
art will appreciate that this is one example of molecular
engineering in order to achieve a greater conversion of C12
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and C14 free fatty acids (FFAs) into fatty alcohols as illus-
trated in Example 6 (supra). Similar approaches are encom-
passed herein (see Example 7).

Phosphopantetheine transferases (PPTases) (EC 2.7.8.7)
catalyze the transfer of 4'-phosphopantetheine from CoAto a
substrate. Nocardia Car, CarB and several homologues
thereof contain a putative attachment site for 4'-phosphopan-
tetheine (PPT) (He et al., Appl. Environ. Microbiol., 70(3):
1874-1881 (2004)). In some embodiments of the disclosure,
a PPTase is expressed or overexpressed in an engineered host
cell. In certain embodiments, the PPTase is EntD from E. coli
MG1655 (SEQ ID NO:8). In some embodiments, a
thioesterase and a carboxylic acid reductase are expressed or
overexpressed in an engineered host cell. In certain embodi-
ments, the thioesterase is tes A and the carboxylic acid reduc-
tase is carB. In other embodiments, a thioesterase, a carboxy-
lic acid reductase and an alcohol dehydrogenase are
expressed or overexpressed in an engineered host cell. In
certain embodiments, the thioesterase is tesA, the carboxylic
acid reductase is carB and the alcohol dehydrogenase is
alrAadpl (GenPept accession number CAG70248.1) from
Acinetobacter baylyi ADP1 (SEQ ID NO: 4). In still other
embodiments, a thioesterase, a carboxylic acid reductase, a
PPTase, and an alcohol dehydrogenase are expressed or over-
expressed in the engineered host cell. In certain embodi-
ments, the thioesterase is tesA, the carboxylic acid reductase
is carB, the PPTase is entD, and the alcohol dehydrogenase is
alrAadpl. In still further embodiments, a modified host cell
which expresses one or more of a thioesterase, a CAR, a
PPTase, and an alcohol dehydrogenase also has one or more
strain improvements. Exemplary strain improvements
include, but are not limited to expression or overexpression of
an acetyl-CoA carboxylase polypeptide, overexpression of a
FadR polypeptide, expression or overexpression of a heter-
ologous iFAB operon, or transposon insertion in the yijP gene
or another gene, or similar approaches. The disclosure also
provides a fatty alcohol composition produced by any of the
methods described herein. A fatty alcohol composition pro-
duced by any of the methods described herein can be used
directly as a starting materials for production of other chemi-
cal compounds (e.g., polymers, surfactants, plastics, textiles,
solvents, adhesives, etc.), or personal care additives. These
compounds can also be used as feedstock for subsequent
reactions, for example, hydrogenation, catalytic cracking
(e.g., via hydrogenation, pyrolisis, or both) to make other
products.

Mutants or Variants

In some embodiments, the polypeptide expressed in a
recombinant host cell is a mutant or a variant of any of the
polypeptides described herein. The terms “mutant” and “vari-
ant” as used herein refer to a polypeptide having an amino
acid sequence that differs from a wild-type polypeptide by at
least one amino acid. For example, the mutant can comprise
one or more of the following conservative amino acid substi-
tutions: replacement of an aliphatic amino acid, such as ala-
nine, valine, leucine, and isoleucine, with another aliphatic
amino acid; replacement of a serine with a threonine; replace-
ment of a threonine with a serine; replacement of an acidic
residue, such as aspartic acid and glutamic acid, with another
acidic residue; replacement of a residue bearing an amide
group, such as asparagine and glutamine, with another resi-
due bearing an amide group; exchange of a basic residue, such
as lysine and arginine, with another basic residue; and
replacement of an aromatic residue, such as phenylalanine
and tyrosine, with another aromatic residue. In some embodi-
ments, the mutant polypeptide has about 1,2, 3,4, 5,6, 7, 8,
9, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, or more amino
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acid substitutions, additions, insertions, or deletions. Pre-
ferred fragments or mutants of a polypeptide retain some or
all of the biological function (e.g., enzymatic activity) of the
corresponding wild-type polypeptide. In some embodiments,
the fragment or mutant retains at least about 75%, at least
about 80%, at least about 90%, at least about 95%, or at least
about 98% or more of the biological function of the corre-
sponding wild-type polypeptide. In other embodiments, the
fragment or mutant retains about 100% of the biological
function of the corresponding wild-type polypeptide. Guid-
ance in determining which amino acid residues may be sub-
stituted, inserted, or deleted without affecting biological
activity may be found using computer programs well known
in the art, for example, LASERGENE™ software (DNAS-
TAR, Inc., Madison, Wis.).

In yet other embodiments, a fragment or mutant exhibits
increased biological function as compared to a corresponding
wild-type polypeptide. For example, a fragment or mutant
may display at least a 10%, at least a 25%, at least a 50%, at
least a 75%, or at least a 90% improvement in enzymatic
activity as compared to the corresponding wild-type polypep-
tide. In other embodiments, the fragment or mutant displays
at least 100% (e.g., at least 200%, or at least 500%) improve-
ment in enzymatic activity as compared to the corresponding
wild-type polypeptide. It is understood that the polypeptides
described herein may have additional conservative or non-
essential amino acid substitutions, which do not have a sub-
stantial effect on the polypeptide function. Whether or not a
particular substitution will be tolerated (i.e., will not
adversely affect desired biological function, such as carboxy-
lic acid reductase activity) can be determined as described in
Bowie et al. (Science, 247: 1306-1310 (1990)). A conserva-
tive amino acid substitution is one in which the amino acid
residue is replaced with an amino acid residue having a simi-
lar side chain. Families of amino acid residues having similar
side chains have been defined in the art. These families
include amino acids with basic side chains (e.g., lysine, argi-
nine, histidine), acidic side chains (e.g., aspartic acid,
glutamic acid), uncharged polar side chains (e.g., glycine,
asparagine, glutamine, serine, threonine, tyrosine, cysteine),
nonpolar side chains (e.g., alanine, valine, leucine, isoleu-
cine, proline, phenylalanine, methionine, tryptophan), beta-
branched side chains (e.g., threonine, valine, isoleucine), and
aromatic side chains (e.g., tyrosine, phenylalanine, tryp-
tophan, histidine). Variants can be naturally occurring or cre-
ated in vitro. In particular, such variants can be created using
genetic engineering techniques, such as site directed
mutagenesis, random chemical mutagenesis, Exonuclease I11
deletion procedures, or standard cloning techniques. Alterna-
tively, such variants, fragments, analogs, or derivatives can be
created using chemical synthesis or modification procedures.

Methods of making variants are well known in the art.
These include procedures in which nucleic acid sequences
obtained from natural isolates are modified to generate
nucleic acids that encode polypeptides having characteristics
that enhance their value in industrial or laboratory applica-
tions. In such procedures, a large number of variant sequences
having one or more nucleotide differences with respect to the
sequence obtained from the natural isolate are generated and
characterized. Typically, these nucleotide differences result
in amino acid changes with respect to the polypeptides
encoded by the nucleic acids from the natural isolates. For
example, variants can be prepared by using random and site-
directed mutagenesis. Random and site-directed mutagenesis
are described in, for example, Arnold, Curr: Opin. Biotech., 4:
450-455 (1993). Random mutagenesis can be achieved using
error prone PCR (see, e.g., Leung et al., Technique, 1: 11-15
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(1989); and Caldwell et al., PCR Methods Applic., 2: 28-33
(1992)). In error prone PCR, PCR is performed under condi-
tions where the copying fidelity of the DNA polymerase is
low, such that a high rate of point mutations is obtained along
the entire length of the PCR product. Briefly, in such proce-
dures, nucleic acids to be mutagenized (e.g., a polynucleotide
sequence encoding a carboxylic reductase enzyme) are mixed
with PCR primers, reaction buffer, MgCl,, MnCl,, Taq poly-
merase, and an appropriate concentration of dNTPs for
achieving a high rate of point mutation along the entire length
of the PCR product. For example, the reaction can be per-
formed using 20 fmoles of nucleic acid to be mutagenized, 30
pmole of each PCR primer, a reaction buffer comprising 50
mM KCl, 10 mM Tris HCI (pH 8.3), 0.01% gelatin, 7 mM
MgCl,, 0.5 mM MnCl,, 5 units of Taq polymerase, 0.2 mM
dGTP, 0.2 mM dATP, 1 mM dCTP, and 1 mM dTTP. PCR can
be performed for 30 cycles of 94° C. for 1 min, 45° C. for 1
min, and 72° C. for 1 min. However, it will be appreciated that
these parameters can be varied as appropriate. The
mutagenized nucleic acids are then cloned into an appropriate
vector, and the activities of the polypeptides encoded by the
mutagenized nucleic acids are evaluated (see Example 7).
Site-directed mutagenesis can be achieved using oligonucle-
otide-directed mutagenesis to generate site-specific muta-
tions in any cloned DNA of interest. Oligonucleotide
mutagenesis is described in, for example, Reidhaar-Olson et
al., Science, 241: 53-57 (1988). Briefly, in such procedures a
plurality of double stranded oligonucleotides bearing one or
more mutations to be introduced into the cloned DNA are
synthesized and inserted into the cloned DNA to be
mutagenized (e.g., a polynucleotide sequence encoding a
CAR polypeptide). Clones containing the mutagenized DNA
are recovered, and the activities of the polypeptides they
encode are assessed. Another method for generating variants
is assembly PCR. Assembly PCR involves the assembly of a
PCR product from a mixture of small DNA fragments. A large
number of different PCR reactions occur in parallel in the
same vial, with the products of one reaction priming the
products of another reaction. Assembly PCR is described in,
for example, U.S. Pat. No. 5,965,408. Still another method of
generating variants is sexual PCR mutagenesis. In sexual
PCR mutagenesis, forced homologous recombination occurs
between DNA molecules of different, but highly related,
DNA sequences in vitro as a result of random fragmentation
of the DNA molecule based on sequence homology. This is
followed by fixation of the crossover by primer extension in a
PCR reaction. Sexual PCR mutagenesis is described in, for
example, Stemmer, Proc. Natl. Acad. Sci., U.S.A., 91:10747-
10751 (1994).

Variants can also be created by in vivo mutagenesis. In
some embodiments, random mutations in a nucleic acid
sequence are generated by propagating the sequence in a
bacterial strain, such as an E. coli strain, which carries muta-
tions in one or more of the DNA repair pathways. Such
“mutator” strains have a higher random mutation rate than
that of a wild-type strain. Propagating a DNA sequence (e.g.,
a polynucleotide sequence encoding a CAR polypeptide) in
one of these strains will eventually generate random muta-
tions within the DNA. Mutator strains suitable for use for in
vivo mutagenesis are described in, for example, International
Patent Application Publication No. W01991/016427. Vari-
ants can also be generated using cassette mutagenesis. In
cassette mutagenesis, a small region of a double-stranded
DNA molecule is replaced with a synthetic oligonucleotide
“cassette” that differs from the native sequence. The oligo-
nucleotide often contains a completely and/or partially ran-
domized native sequence. Recursive ensemble mutagenesis
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can also be used to generate variants. Recursive ensemble
mutagenesis is an algorithm for protein engineering (i.e.,
protein mutagenesis) developed to produce diverse popula-
tions of phenotypically related mutants whose members dif-
fer in amino acid sequence. This method uses a feedback
mechanism to control successive rounds of combinatorial
cassette mutagenesis. Recursive ensemble mutagenesis is
described in, for example, Arkin et al., Proc. Natl. Acad. Sci.,
U.S.A., 89: 7811-7815 (1992). In some embodiments, vari-
ants are created using exponential ensemble mutagenesis.
Exponential ensemble mutagenesis is a process for generat-
ing combinatorial libraries with a high percentage of unique
and functional mutants, wherein small groups of residues are
randomized in parallel to identify, at each altered position,
amino acids which lead to functional proteins. Exponential
ensemble mutagenesis is described in, for example, Dele-
grave et al., Biotech. Res, 11: 1548-1552 (1993). In some
embodiments, variants are created using shuffling procedures
wherein portions of a plurality of nucleic acids that encode
distinct polypeptides are fused together to create chimeric
nucleic acid sequences that encode chimeric polypeptides as
described in, for example, U.S. Pat. Nos. 5,965,408 and
5,939,250.

Insertional mutagenesis is mutagenesis of DNA by the
insertion of one or more bases. Insertional mutations can
occur naturally, mediated by virus or transposon, or can be
artificially created for research purposes in the lab, e.g., by
transposon mutagenesis. When exogenous DNA is integrated
into that of the host, the severity of any ensuing mutation
depends entirely on the location within the host’s genome
wherein the DNA is inserted. For example, significant effects
may be evident if a transposon inserts in the middle of an
essential gene, in a promoter region, or into a repressor or an
enhancer region. Transposon mutagenesis and high-through-
put screening was done to find beneficial mutations that
increase the titer or yield of fatty alcohol. The disclosure
provides recombinant host cells comprising (a) a polynucle-
otide sequence encoding a carboxylic acid reductase com-
prising an amino acid sequence having at least 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%,
92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence
identity to the amino acid sequence of SEQ ID NO: 7 and (b)
a polynucleotide encoding a polypeptide having carboxylic
acid reductase activity, wherein the recombinant host cell is
capable of producing a fatty aldehyde or a fatty alcohol.

Engineering Host Cells

In some embodiments, a polynucleotide (or gene)
sequence is provided to a host cell by way of a recombinant
vector, which comprises a promoter operably linked to the
polynucleotide sequence. In certain embodiments, the pro-
moter is a developmentally-regulated, an organelle-specific, a
tissue-specific, an inducible, a constitutive, or a cell-specific
promoter. In some embodiments, the recombinant vector
includes (a) an expression control sequence operatively
coupled to the polynucleotide sequence; (b) a selection
marker operatively coupled to the polynucleotide sequence;
(c) a marker sequence operatively coupled to the polynucle-
otide sequence; (d) a purification moiety operatively coupled
to the polynucleotide sequence; (e) a secretion sequence
operatively coupled to the polynucleotide sequence; and (f) a
targeting sequence operatively coupled to the polynucleotide
sequence. The expression vectors described herein include a
polynucleotide sequence described herein in a form suitable
for expression of the polynucleotide sequence in a host cell. It
will be appreciated by those skilled in the art that the design
of the expression vector can depend on such factors as the
choice of the host cell to be transformed, the level of expres-
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sion of polypeptide desired, etc. The expression vectors
described herein can be introduced into host cells to produce
polypeptides, including fusion polypeptides, encoded by the
polynucleotide sequences described herein. Expression of
genes encoding polypeptides in prokaryotes, for example, E.
coli, 1s most often carried out with vectors containing consti-
tutive or inducible promoters directing the expression of
either fusion or non-fusion polypeptides. Fusion vectors add
a number of amino acids to a polypeptide encoded therein,
usually to the amino- or carboxy-terminus of the recombinant
polypeptide. Such fusion vectors typically serve one or more
of'the following three purposes: (1) to increase expression of
the recombinant polypeptide; (2) to increase the solubility of
the recombinant polypeptide; and (3) to aid in the purification
of the recombinant polypeptide by acting as a ligand in affin-
ity purification. Often, in fusion expression vectors, a pro-
teolytic cleavage site is introduced at the junction of the
fusion moiety and the recombinant polypeptide. This enables
separation of the recombinant polypeptide from the fusion
moiety after purification of the fusion polypeptide. Examples
of such enzymes, and their cognate recognition sequences,
include Factor Xa, thrombin, and enterokinase. Exemplary
fusion expression vectors include pGEX (Pharmacia Biotech,
Inc., Piscataway, N.J.; Smith et al., Gene, 67: 31-40 (1988)),
pMAL (New England Biolabs, Beverly, Mass.), and pRITS
(Pharmacia Biotech, Inc., Piscataway, N.J.), which fuse glu-
tathione S-transferase (GST), maltose E binding protein, or
protein A, respectively, to the target recombinant polypeptide.

Examples of inducible, non-fusion £. coli expression vec-
tors include pTrc (Amann et al., Gene (1988) 69:301-315)
and pET 11d (Studier et al., Gene Expression Technology:
Methods in Enzymology 185, Academic Press, San Diego,
Calif. (1990) 60-89). Target gene expression from the pTrc
vector relies on host RNA polymerase transcription from a
hybrid trp-lac fusion promoter. Target gene expression from
the pET 11d vector relies on transcription from a T7 gn10-lac
fusion promoter mediated by a coexpressed viral RNA poly-
merase (T7 gnl). This viral polymerase is supplied by host
strains BL21(DE3) or HMS 174(DE3) from a resident A
prophage harboring a T7 gnl gene under the transcriptional
control of the lacUV 5 promoter. Suitable expression systems
for both prokaryotic and eukaryotic cells are well known in
the art; see, e.g., Sambrook et al., “Molecular Cloning: A
Laboratory Manual,” second edition, Cold Spring Harbor
Laboratory, (1989). Examples of inducible, non-fusion F.
coli expression vectors include pTrc (Amann et al., Gene, 69:
301-315 (1988)) and PET 11d (Studier et al., Gene Expres-
sion Technology Methods in Enzymology 185, Academic
Press, San Diego, Calif., pp. 60-89 (1990)). In certain
embodiments, a polynucleotide sequence of the disclosure is
operably linked to a promoter derived from bacteriophage T5.
In one embodiment, the host cell is a yeast cell. In this
embodiment, the expression vector is a yeast expression vec-
tor. Vectors can be introduced into prokaryotic or eukaryotic
cells via a variety of art-recognized techniques for introduc-
ing foreign nucleic acid (e.g., DNA) into a host cell. Suitable
methods for transforming or transfecting host cells can be
found in, for example, Sambrook et al. (supra). For stable
transformation of bacterial cells, it is known that, depending
upon the expression vector and transformation technique
used, only a small fraction of cells will take-up and replicate
the expression vector. In some embodiments, in order to
identify and select these transformants, a gene that encodes a
selectable marker (e.g., resistance to an antibiotic) is intro-
duced into the host cells along with the gene of interest.
Selectable markers include those that confer resistance to
drugs such as, but not limited to, ampicillin, kanamycin,
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chloramphenicol, or tetracycline. Nucleic acids encoding a
selectable marker can be introduced into a host cell on the
same vector as that encoding a polypeptide described herein
or can be introduced on a separate vector. Cells stably trans-
formed with the introduced nucleic acid can be identified by
growth in the presence of an appropriate selection drug.

Production of Fatty Alcohol Compositions by Recombi-
nant Host Cells

Strategies to increase production of fatty alcohols by
recombinant host cells include increased flux through the
fatty acid biosynthetic pathway by overexpression of native
fatty acid biosynthesis genes and expression of exogenous
fatty acid biosynthesis genes from different organisms in an
engineered production host. Enhanced activity of relevant
enzymes in the fatty alcohol biosynthetic pathway, e.g., CAR,
as well as other strategies to optimize the growth and produc-
tivity of the host cell may also be employed to maximize
production. In some embodiments, the recombinant host cell
comprises a polynucleotide encoding a polypeptide (an
enzyme) having fatty alcohol biosynthetic activity (i.e., a
fatty alcohol biosynthetic polypeptide or a fatty alcohol bio-
synthetic enzyme), and a fatty alcohol is produced by the
recombinant host cell. A composition comprising fatty alco-
hols (a fatty alcohol composition) may be produced by cul-
turing the recombinant host cell in the presence of a carbon
source under conditions effective to express a fatty alcohol
biosynthetic enzyme. In some embodiments, the fatty alcohol
composition comprises fatty alcohols, however, a fatty alco-
hol composition may comprise other fatty acid derivatives.
Typically, the fatty alcohol composition is recovered from the
extracellular environment of the recombinant host cell, i.e.,
the cell culture medium. In one approach, recombinant host
cells have been engineered to produce fatty alcohols by
expressing a thioesterase, which catalyzes the conversion of
acyl-ACPs into free fatty acids (FFAs) and a carboxylic acid
reductase (CAR), which converts free fatty acids into fatty
aldehydes. Native (endogenous) aldehyde reductases present
in the host cell (e.g., E. coli) can convert the fatty aldehydes
into fatty alcohols. In some embodiments, the fatty alcohol is
produced by expressing or overexpressing in the recombinant
host cell a polynucleotide encoding a polypeptide having
fatty alcohol biosynthetic activity which converts a fatty alde-
hyde to a fatty alcohol. For example, an alcohol dehydroge-
nase (also referred to herein as an aldehyde reductase, e.g.,
EC1.1.1.1), may be used in practicing the disclosure. As used
herein, the term “alcohol dehydrogenase” refers to a polypep-
tide capable of catalyzing the conversion of a fatty aldehyde
to analcohol (e.g., a fatty alcohol). One of ordinary skill in the
art will appreciate that certain alcohol dehydrogenases are
capable of catalyzing other reactions as well, and these non-
specific alcohol dehydrogenases also are encompassed by the
term “alcohol dehydrogenase.” Examples of alcohol dehy-
drogenase polypeptides useful in accordance with the disclo-
sure include, but are not limited to AlrAadp1 (SEQ ID NO: 4)
or AlrA homologs and endogenous E. coli alcohol dehydro-
genases such as YjgB, (AAC77226) (SEQ ID NO: 5), DkgA
(NP_417485), DkgB (NP_414743),YdjL (AAC74846),YdjJ
(NP_416288), AdhP (NP_415995), YhdH (NP_417719),
YahK (NP_414859), YphC (AAC75598), YqhD (446856)
and YbbO [AAC73595.1]. Additional examples are described
in International Patent Application Publication Nos.
W02007/136762, W0O2008/119082 and WO 2010/062480,
each of which is expressly incorporated by reference herein.
In certain embodiments, the fatty alcohol biosynthetic
polypeptide has aldehyde reductase or alcohol dehydroge-
nase activity (EC 1.1.1.1). In another approach, recombinant
host cells have been engineered to produce fatty alcohols by
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expressing fatty alcohol forming acyl-CoA reductases or fatty
acyl reductases (FARs) which convert fatty acyl-thioester
substrates (e.g., fatty acyl-CoA or fatty acyl-ACP) to fatty
alcohols. In some embodiments, the fatty alcohol is produced
by expressing or overexpressing a polynucleotide encoding a
polypeptide having fatty alcohol forming acyl-CoA reductase
(FAR) activity in a recombinant host cell. Examples of FAR
polypeptides useful in accordance with this embodiment are
described in PCT Publication No. W02010/062480, which is
expressly incorporated by reference herein.

Fatty alcohol may be produced via an acyl-CoA dependent
pathway utilizing fatty acyl-ACP and fatty acyl-CoA inter-
mediates and an acyl-CoA independent pathway utilizing
fatty acyl-ACP intermediates but not a fatty acyl-CoA inter-
mediate. In particular embodiments, the enzyme encoded by
the over expressed gene is selected from a fatty acid synthase,
an acyl-ACP thioesterase, a fatty acyl-CoA synthase and an
acetyl-CoA carboxylase. In some embodiments, the protein
encoded by the over expressed gene is endogenous to the host
cell. In other embodiments, the protein encoded by the over-
expressed gene is heterologous to the host cell. Fatty alcohols
are also made in nature by enzymes that are able to reduce
various acyl-ACP or acyl-CoA molecules to the correspond-
ing primary alcohols. See also, U.S. Patent Publication Nos.
20100105963, and 20110206630 and U.S. Pat. No. 8,097,
439, expressly incorporated by reference herein. As used
herein, a recombinant host cell or an engineered host cell
refers to a host cell whose genetic makeup has been altered
relative to the corresponding wild-type host cell, for example,
by deliberate introduction of new genetic elements and/or
deliberate modification of genetic elements naturally present
in the host cell. The offspring of such recombinant host cells
also contain these new and/or modified genetic elements. In
any of the aspects of the disclosure described herein, the host
cell can be selected from the group consisting of a plant cell,
insect cell, fungus cell (e.g., a filamentous fungus, such as
Candida sp., or a budding yeast, such as Saccharomyces sp.),
an algal cell and a bacterial cell. In one preferred embodi-
ment, recombinant host cells are recombinant microbial cells.
Examples of host cells that are microbial cells, include but are
not limited to cells from the genus Escherichia, Bacillus,
Lactobacillus, Zymomonas, Rhodococcus, Pseudomonas,
Aspergillus, Trichoderma, Neurospora, Fusarium, Humi-
cola, Rhizomucor, Kluyveromyces, Pichia, Mucor, Myce-
liophtora, Penicillium, Phanerochaete, Pleurotus, Trametes,
Chrysosporium, Saccharomyces, Stenotrophamonas,
Schizosaccharomyces, Yarrowia, or Streptomyces. In some
embodiments, the host cell is a Gram-positive bacterial cell.
In other embodiments, the host cell is a Gram-negative bac-
terial cell. In some embodiments, the host cell is an E. coli
cell. In other embodiments, the host cell is a Bacillus lentus
cell, a Bacillus brevis cell, a Bacillus stearothermophilus cell,
a Bacillus lichenoformis cell, a Bacillus alkalophilus cell, a
Bacillus coagulans cell, a Bacillus circulans cell, a Bacillus
pumilis cell, a Bacillus thuringiensis cell, a Bacillus clausii
cell, a Bacillus megaterium cell, a Bacillus subtilis cell, or a
Bacillus amyloliquefaciens cell. In other embodiments, the
host cell is a Trichoderma koningii cell, a Trichoderma viride
cell, a Trichoderma reesei cell, a Trichoderma longibrachia-
tum cell, an Aspergillus awamori cell, an Aspergillus fumi-
gates cell, an Aspergillus foetidus cell, an Aspergillus nidu-
lans cell, an Aspergillus niger cell, an Aspergillus oryzae cell,
a Humicola insolens cell, a Humicola lanuginose cell, a
Rhodococcus opacus cell, a Rhizomucor miehei cell, or a
Mucor michei cell.

In yet other embodiments, the host cell is a Streptomyces
lividans cell or a Streptomyces murinus cell. In yet other
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embodiments, the host cell is an Actinomycetes cell. In some
embodiments, the host cell is a Saccharomyces cerevisiae
cell. In some embodiments, the host cell is a Saccharomyces
cerevisiae cell. In other embodiments, the host cell is a cell
from a eukaryotic plant, algae, cyanobacterium, green-sulfur
bacterium, green non-sulfur bacterium, purple sulfur bacte-
rium, purple non-sulfur bacterium, extremophile, yeast, fun-
gus, an engineered organism thereof, or a synthetic organism.
Insome embodiments, the host cell is light-dependent or fixes
carbon. In some embodiments, the host cell is light-depen-
dent or fixes carbon. In some embodiments, the host cell has
autotrophic activity. In some embodiments, the host cell has
photoautotrophic activity, such as in the presence of light. In
some embodiments, the host cell is heterotrophic or mix-
otrophic in the absence of light. In certain embodiments, the
host cell is a cell from Avabidopsis thaliana, Panicum virga-
tum, Miscanthus giganteus, Zea mays, Botryococcuse brau-
nii, Chlamydomonas reinhardtii, Dunaliela salina, Synecho-
coccus Sp. PCC 7002, Syrechococcus Sp. PCC 7942,
Synechocystis Sp. PCC 6803, Thermosynechococcus elon-
gates BP-1, Chlorobium tepidum, Chlorojlexus auranticus,
Chromatiumm vinosum, Rhodospirvillum rubrum, Rhodo-
bacter capsulatus, Rhodopseudomonas palusris, Clostridium
ljungdahlii, Clostridiuthermocellum, Penicillium chrysoge-
num, Pichia pastoris, Saccharomyces cerevisiae, Schizosac-
charomyces pombe, Pseudomonasjluorescens, or Zymomo-
nas mobilis.

Culture and Fermentation of Engineered Host Cells

As used herein, fermentation broadly refers to the conver-
sion of organic materials into target substances by host cells,
for example, the conversion of a carbon source by recombi-
nant host cells into fatty acids or derivatives thereof by propa-
gating a culture of the recombinant host cells in a media
comprising the carbon source. As used herein, conditions
permissive for the production means any conditions that
allow a host cell to produce a desired product, such as a fatty
acid or a fatty acid derivative. Similarly, conditions in which
the polynucleotide sequence of a vector is expressed means
any conditions that allow a host cell to synthesize a polypep-
tide. Suitable conditions include, for example, fermentation
conditions. Fermentation conditions can comprise many
parameters, including but not limited to temperature ranges,
levels of aeration, feed rates and media composition. Each of
these conditions, individually and in combination, allows the
host cell to grow. Fermentation can be aerobic, anaerobic, or
variations thereof (such as micro-aerobic). Exemplary culture
media include broths or gels. Generally, the medium includes
a carbon source that can be metabolized by ahost cell directly.
In addition, enzymes can be used in the medium to facilitate
the mobilization (e.g., the depolymerization of starch or cel-
Iulose to fermentable sugars) and subsequent metabolism of
the carbon source. For small scale production, the engineered
host cells can be grown in batches of, for example, about 100
mL, 500 mL, 1L,2L, 5L, or 10 L; fermented; and induced
to express a desired polynucleotide sequence, such as a poly-
nucleotide sequence encoding a CAR polypeptide. For large
scale production, the engineered host cells can be grown in
batches of about 10 L, 100 L, 1000 L, 10,000 L, 100,000 L,
1,000,000 L or larger; fermented; and induced to express a
desired polynucleotide sequence. Alternatively, large scale
fed-batch fermentation may be carried out.

Fatty Alcohol Compositions

The fatty alcohol compositions described herein are found
in the extracellular environment of the recombinant host cell
culture and can be readily isolated from the culture medium.
A fatty alcohol composition may be secreted by the recom-
binant host cell, transported into the extracellular environ-
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ment or passively transferred into the extracellular environ-
ment of the recombinant host cell culture. The fatty alcohol
composition is isolated from a recombinant host cell culture
using routine methods known in the art. The disclosure pro-
vides compositions produced by engineered or recombinant
host cells (bioproducts) which include one or more fatty
aldehydes and/or fatty alcohols. Although a fatty alcohol
component with a particular chain length and degree of satu-
ration may constitute the majority of the bioproduct produced
by a cultured engineered or recombinant host cell, the com-
position typically includes a mixture of fatty aldehydes and/
or fatty alcohols that vary with respect to chain length and/or
degree of saturation. As used herein, fraction of modern car-
bon or f,, has the same meaning as defined by National Insti-
tute of Standards and Technology (NIST) Standard Reference
Materials (SRMs 4990B and 4990C, known as oxalic acids
standards HOxI and HOxII, respectively. The fundamental
definition relates to 0.95 times the ' “C/*>C isotope ratio HOxI
(referenced to AD 1950). This is roughly equivalent to decay-
corrected pre-Industrial Revolution wood. For the current
living biosphere (plant material), f, ,is approximately 1.1.
Bioproducts (e.g., the fatty aldehydes and alcohols pro-
duced in accordance with the present disclosure) comprising
biologically produced organic compounds, and in particular,
the fatty aldehydes and alcohols biologically produced using
the fatty acid biosynthetic pathway herein, have not been
produced from renewable sources and, as such, are new com-
positions of matter. These new bioproducts can be distin-
guished from organic compounds derived from petrochemi-
cal carbon on the basis of dual carbon-isotopic fingerprinting
or *C dating. Additionally, the specific source of biosourced
carbon (e.g., glucose vs. glycerol) can be determined by dual
carbon-isotopic fingerprinting (see, e.g., U.S. Pat. No. 7,169,
588, which is herein incorporated by reference). The ability to
distinguish bioproducts from petroleum based organic com-
pounds is beneficial in tracking these materials in commerce.
For example, organic compounds or chemicals comprising
both biologically based and petroleum based carbon isotope
profiles may be distinguished from organic compounds and
chemicals made only of petroleum based materials. Hence,
the bioproducts herein can be followed or tracked in com-
merce on the basis of their unique carbon isotope profile.
Bioproducts can be distinguished from petroleum based
organic compounds by comparing the stable carbon isotope
ratio (**C/*C) in each fuel. The **C/*2C ratio in a given
bioproduct is a consequence of the '*C/*2C ratio in atmo-
spheric carbon dioxide at the time the carbon dioxide is fixed.
It also reflects the precise metabolic pathway. Regional varia-
tions also occur. Petroleum, C, plants (the broadleaf), C,
plants (the grasses), and marine carbonates all show signifi-
cant differences in 1*C/**C and the corresponding 8'°C val-
ues. Furthermore, lipid matter of C; and C, plants analyze
differently than materials derived from the carbohydrate
components of the same plants as a consequence of the meta-
bolic pathway. Within the precision of measurement, '*C
shows large variations due to isotopic fractionation effects,
the most significant of which for bioproducts is the photosyn-
thetic mechanism. The major cause of differences in the car-
bon isotope ratio in plants is closely associated with differ-
ences in the pathway of photosynthetic carbon metabolism in
the plants, particularly the reaction occurring during the pri-
mary carboxylation (i.e., the initial fixation of atmospheric
CO,). Two large classes of vegetation are those that incorpo-
rate the C; (or Calvin-Benson) photosynthetic cycle and those
that incorporate the C, (or Hatch-Slack) photosynthetic
cycle. In C; plants, the primary CO, fixation or carboxylation
reaction involves the enzyme ribulose-1,5-diphosphate car-
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boxylase, and the first stable product is a 3-carbon compound.
C, plants, such as hardwoods and conifers, are dominant in
the temperate climate zones. In C, plants, an additional car-
boxylation reaction involving another enzyme, phosphoenol-
pyruvate carboxylase, is the primary carboxylation reaction.
The first stable carbon compound is a 4-carbon acid that is
subsequently decarboxylated. The CO, thus released is
refixed by the C; cycle. Examples of C, plants are tropical
grasses, corn, and sugar cane. Both C, and C, plants exhibit a
range of 1*C/*2C isotopic ratios, but typical values are about
-7 to about —13 per mil for C, plants and about -19 to about
-27 per mil for C; plants (see, e.g., Stuiver etal., Radiocarbon
19:355 (1977)). Coal and petroleum fall generally in this
latter range. The *C measurement scale was originally
defined by a zero set by Pee Dee Belemnite (PDB) limestone,
where values are given in parts per thousand deviations from
this material. The “3'>C” values are expressed in parts per
thousand (per mil), abbreviated, % o, and are calculated as
follows:

813C(%0) = (1°C/2C)sampte=(*C/?C)stametaral/
(*C/"C) gramatarax 1000

Since the PDB reference material (RM) has been
exhausted, a series of alternative RMs have been developed in
cooperation with the IAEA, USGS, NIST, and other selected
international isotope laboratories. Notations for the per mil
deviations from PDB is 8'°C. Measurements are made on
CO, by high precision stable ratio mass spectrometry (IRMS)
onmolecularions of masses 44, 45, and 46. The compositions
described herein include bioproducts produced by any of the
methods described herein, including, for example, fatty alde-
hyde and alcohol products. Specifically, the bioproduct can
have a 8'3C of about —28 or greater, about —27 or greater,
—20 or greater, —18 or greater, —15 or greater, —13 or greater,
-10 or greater, or —8 or greater. For example, the bioproduct
canhave a 8'>C ofabout 30 to about —15, about =27 to about
-19, about =25 to about =21, about —-15 to about -5, about
—-13 toabout -7, or about —13 to about —10. In other instances,
the bioproduct can have a 8">C of about -10, -11, -12, or
-12.3. Bioproducts, including the bioproducts produced in
accordance with the disclosure herein, can also be distin-
guished from petroleum based organic compounds by com-
paring the amount of **C in each compound. Because '*C has
a nuclear half-life of 5730 years, petroleum based fuels con-
taining “older” carbon can be distinguished from bioproducts
which contain “newer” carbon (see, e.g., Currie, “Source
Apportionment of Atmospheric Particles”, Characterization
of Environmental Particles, ]. Buftle and H. P. van Leeuwen,
Eds., 1 of Vol. I of the IUPAC Environmental Analytical
Chemistry Series (Lewis Publishers, Inc.) 3-74, (1992)).

The basic assumption in radiocarbon dating is that the
constancy of **C concentration in the atmosphere leads to the
constancy of *C in living organisms. However, because of
atmospheric nuclear testing since 1950 and the burning of
fossil fuel since 1850, '*C has acquired a second, geochemi-
cal time characteristic. Its concentration in atmospheric CO,,
and hence in the living biosphere, approximately doubled at
the peak of nuclear testing, in the mid-1960s. It has since been
gradually returning to the steady-state cosmogenic (atmo-
spheric) baseline isotope rate (**C/*2C) of about 1.2x1072,
with an approximate relaxation “half-life” of 7-10 years.
(This latter half-life must not be taken literally; rather, one
must use the detailed atmospheric nuclear input/decay func-
tion to trace the variation of atmospheric and biospheric **C
since the onset of the nuclear age.) It is this latter biospheric
14C time characteristic that holds out the promise of annual
dating of recent biospheric carbon. **C can be measured by
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accelerator mass spectrometry (AMS), with results given in
units of “fraction of modern carbon” (1, ). f,, is defined by
National Institute of Standards and Technology (NIST) Stan-
dard Reference Materials (SRMs) 4990B and 4990C. As used
herein, fraction of modern carbon (f,,) has the same meaning
as defined by National Institute of Standards and Technology
(NIST) Standard Reference Materials (SRMs) 4990B and
4990C, known as oxalic acids standards HOxI and HOxII,
respectively. The fundamental definition relates to 0.95 times
the **C/*2C isotope ratio HOxXI (referenced to AD 1950). This
is roughly equivalent to decay-corrected pre-Industrial Revo-
Iution wood. For the current living biosphere (plant material),
f,,1s approximately 1.1. This is roughly equivalent to decay-
corrected pre-Industrial Revolution wood. For the current
living biosphere (plant material), f,,is approximately 1.1.

The compositions described herein include bioproducts
that can have an f,, **C of at least about 1. For example, the
bioproduct of the disclosure can have an f,, **C of at least
about 1.01, an f,, **C of about 1 to about 1.5, an £, **C of
about 1.04 to about 1.18, oran f,, **C of about 1.111 to about
1.124. Another measurement of **C is known as the percent
of modern carbon (pMC). For an archaeologist or geologist
using **C dates, AD 1950 equals “zero years old”. This also
represents 100 pMC. “Bomb carbon” in the atmosphere
reached almost twice the normal level in 1963 at the peak of
thermo-nuclear weapons. Its distribution within the atmo-
sphere has been approximated since its appearance, showing
values that are greater than 100 pMC for plants and animals
living since AD 1950. It has gradually decreased over time
with today’s value being near 107.5 pMC. This means that a
fresh biomass material, such as corn, would give a '*C sig-
nature near 107.5 pMC. Petroleum based compounds will
have a pMC value of zero. Combining fossil carbon with
present day carbon will result in a dilution of the present day
pMC content. By presuming 107.5 pMC represents the '*C
content of present day biomass materials and 0 pMC repre-
sents the '*C content of petroleum based products, the mea-
sured pMC value for that material will reflect the proportions
of'the two component types. For example, a material derived
100% from present day soybeans would give a radiocarbon
signature near 107.5 pMC. If that material was diluted 50%
with petroleum based products, it would give a radiocarbon
signature of approximately 54 pMC. A biologically based
carbon content is derived by assigning “100%” equal to 107.5
pMC and “0%” equal to 0 pMC. For example, a sample
measuring 99 pMC will give an equivalent biologically based
carbon content of 93%. This value is referred to as the mean
biologically based carbon result and assumes all the compo-
nents within the analyzed material originated either from
present day biological material or petroleum based material.
A bioproduct comprising one or more fatty aldehydes or
alcohols as described herein can have a pMC of at least about
50, 60, 70, 75, 80, 85, 90, 95, 96, 97, 98, 99, or 100. In other
instances, a bioproduct described herein can have a pMC of
between about 50 and about 100; about 60 and about 100;
about 70 and about 100; about 80 and about 100; about 85 and
about 100; about 87 and about 98; or about 90 and about 95.
In yet other instances, a bioproduct described herein can have
a pMC of about 90, 91, 92, 93, 94, or 94.2.

Screening Fatty Alcohol Compositions Produced by
Recombinant Host Cell

To determine if conditions are sufficient to allow expres-
sion, a recombinant host cell comprising a heterologous gene
ora modified native gene is cultured, for example, for about 4,
8, 12, 24, 36, or 48 hours. During and/or after culturing,
samples can be obtained and analyzed to determine if the fatty
alcohol production level (titer, yield or productivity) is dif-
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ferent than that of the corresponding wild type parental cell
which has not been modified. For example, the medium in
which the host cells were grown can be tested for the presence
of a desired product. When testing for the presence of a
product, assays, such as, but not limited to, TLC, HPLC,
GC/FID, GC/MS, LC/MS, MS, can be used. Recombinant
host cell strains can be cultured in small volumes (0.001 L to
1 L) of media in plates or shake flasks in order to screen for
altered fatty alcohol or fatty species production level. Once
candidate strains or “hits” are identified at small scale, these
strains are cultured in larger volumes (1 L. to 1000 L) of media
in bioreactors, tanks, and pilot plants to determine the precise
fatty alcohol or fatty species production level. These large
volume culture conditions are used by those skilled in the art
to optimize the culture conditions to obtain desired fatty
alcohol or fatty species production.

Utility of Fatty Aldehyde and Fatty Alcohol Compositions

Aldehydes are used to produce many specialty chemicals.
For example, aldehydes are used to produce polymers, resins
(e.g., Bakelite), dyes, flavorings, plasticizers, perfumes, phar-
maceuticals, and other chemicals, some of which may be used
as solvents, preservatives, or disinfectants. In addition, cer-
tain natural and synthetic compounds, such as vitamins and
hormones, are aldehydes, and many sugars contain aldehyde
groups. Fatty aldehydes can be converted to fatty alcohols by
chemical or enzymatic reduction. Fatty alcohols have many
commercial uses. Worldwide annual sales of fatty alcohols
and their derivatives are in excess of U.S. $1 billion. The
shorter chain fatty alcohols are used in the cosmetic and food
industries as emulsifiers, emollients, and thickeners. Due to
their amphiphilic nature, fatty alcohols behave as nonionic
surfactants, which are useful in personal care and household
products, such as, for example, detergents. In addition, fatty
alcohols are used in waxes, gums, resins, pharmaceutical
salves and lotions, lubricating oil additives, textile antistatic
and finishing agents, plasticizers, cosmetics, industrial sol-
vents, and solvents for fats. The disclosure also provides a
surfactant composition or a detergent composition compris-
ing a fatty alcohol produced by any of the methods described
herein. One of ordinary skill in the art will appreciate that,
depending upon the intended purpose of the surfactant or
detergent composition, different fatty alcohols can be pro-
duced and used. For example, when the fatty alcohols
described herein are used as a feedstock for surfactant or
detergent production, one of ordinary skill in the art will
appreciate that the characteristics of the fatty alcohol feed-
stock will affect the characteristics of the surfactant or deter-
gent composition produced. Hence, the characteristics of the
surfactant or detergent composition can be selected for by
producing particular fatty alcohols for use as a feedstock. A
fatty alcohol-based surfactant and/or detergent composition
described herein can be mixed with other surfactants and/or
detergents well known in the art. In some embodiments, the
mixture can include at least about 10%, at least about 15%, at
least about 20%, at least about 30%, at least about 40%, at
least about 50%, at least about 60%, or a range bounded by
any two of the foregoing values, by weight of the fatty alco-
hol. In other examples, a surfactant or detergent composition
can be made that includes at least about 5%, at least about
10%, at least about 20%, at least about 30%, at least about
40%, at least about 50%, at least about 60%, at least about
70%, at least about 80%, at least about 85%, at least about
90%, at least about 95%, or a range bounded by any two ofthe
foregoing values, by weight of a fatty alcohol that includes a
carbon chain thatis 8, 9,10,11,12, 13,14, 15,16, 17, 18,19,
20, 21, or 22 carbons in length. Such surfactant or detergent
compositions also can include at least one additive, such as a
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microemulsion or a surfactant or detergent from nonmicro-
bial sources such as plant oils or petroleum, which can be
present in the amount of at least about 5%, at least about 10%,
at least about 15%, at least about 20%, at least about 30%, at
least about 40%, at least about 50%, at least about 60%, at
least about 70%, at least about 80%, at least about 85%, at
least about 90%, at least about 95%, or a range bounded by
any two of the foregoing values, by weight of the fatty alco-
hol. The disclosure is further illustrated by the following
examples. The examples are provided for illustrative pur-
poses only. They are not to be construed as limiting the scope
or content of the disclosure in any way.

EXAMPLES
Example 1

Production Host Modifications—Attenuation of Acyl-
CoA Dehydrogenase

This example describes the construction of a genetically
engineered host cell wherein the expression of a fatty acid
degradation enzyme is attenuated. The fadE gene of Escheri-
chia coli MG1655 (an E. coli K strain) was deleted using the
Lambda Red (also known as the Red-Driven Integration)
system described by Datsenko et al., Proc. Natl. Acad. Sci.
USA 97: 6640-6645 (2000), with the following modifica-
tions:

The following two primers were used to create the deletion
of fadE:

Del-fadE-

(SEQ ID NO:
F5'-AAAAACAGCAACAATGTGAGCTTTGTTGTAATTATATTGTAAACA
TATTGATTCCGGGGATCCGTCGACC;
and

9)

Del-fadE-

(SEQ ID NO: 10)
R5'-AAACGGAGCCTTTCGGCTCCGTTATTCATTTACGCGGCTTCAACT
TTCCTGTAGGCTGGAGCTGCTTC

The Del-fadE-F and Del-fadE-R primers were used to
amplify the kanamycin resistance (KmR) cassette from plas-
mid pKD13 (described by Datsenko et al., supra) by PCR.
The PCR product was then used to transform electrocompe-
tent £. coli MG1655 cells containing pKD46 (described in
Datsenko et al., supra) that had been previously induced with
arabinose for 3-4 hours. Following a 3-hour outgrowth in a
super optimal broth with catabolite repression (SOC)
medium at 37° C., the cells were plated on Luria agar plates
containing 50 pg/ml. of Kanamycin. Resistant colonies were
identified and isolated after an overnight incubation at 37° C.
Disruption of the fadE gene was confirmed by PCR amplifi-
cation using primers fadE-L2 and fadE-R1, which were
designed to flank the E. coli fadE gene.

The fadE deletion confirmation primers were:

(SEQ ID NO: 11)
fadE-L2 5' - CGEGCAGGTGCTATGACCAGGAC;
and

(SEQ ID NO: 12)
fadE-R1 5' - CGCGGCETTGACCGECAGCCTGG

After the fadE deletion was confirmed, a single colony was
used to remove the KmR marker using the pCP20 plasmid as
described by Datsenko et al., supra. The resulting MG1655 E.
coli strain with the fadE gene deleted and the KmR marker
removed was named E. coli MG1655 AfadE, or E. coli MG
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1655 D1. Fatty acid derivative (“Total Fatty Species™) pro-
duction by the MG1655 E. coli strain with the fadE gene
deleted was compared to fatty acid derivative production by
E. coli MG1655. Cells were transformed with production
plasmid  pDG109 (pCL1920_P,». carBopt_12HO8_
alrAadpl_fabB[A329G]_fadR) and fermented in glucose
minimal media. The data presented in FIG. 5 shows that
deletion of the fadE gene did not affect fatty acid derivative
production.

Example 2

Increased Flux Through the Fatty Acid Synthesis Path-
way—Acetyl CoA Carboxylase Mediated

The main precursors for fatty acid biosynthesis are malo-
nyl-CoA and acetyl-CoA (FIG. 1). It has been suggested that
these precursors limit the rate of fatty acid biosynthesis (FIG.
2)in F. coli. In this example, synthetic acc operons [ Coryne-
bacterium glutamicum accABCD (xbirA)] were overex-
pressed and the genetic modifications led to increased acetyl-
coA and malonyl-CoA production in E. coli. In one approach,
in order to increase malonyl-CoA levels, an acetyl-CoA car-
boxylase enzyme complex from Corynebacterium
glutamicum (C. glutamicum) was overexpressed in E. coli.
Acetyl-CoA carboxylase (acc) consists of four discrete sub-
units, accA, accB, accC and aceD (FIG. 3). The advantage of
C. glutamicum acc is that two subunits are expressed as fusion
proteins, accCB and accDA, respectively, which facilitates its
balanced expression. Additionally, C. glutamicum birA,
which biotinylates the accB subunit (FIG. 3) was overex-
pressed. Example 3 describes co-expression of acc genes
together with entire fab operons.
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TABLE 1

Components found in iFABs 130-145.

Abbreviation Full Description

St_fabD Salmonella typhimurium fabD gene

nSt_fabH Salmonella typhimurium fabH gene with the native RBS
sSt_fabH Salmonella typhimurium fabH gene with a synthetic RBS
Cac_fabF Clostridium acetobutylicum (ATCC824) fabF gene
St_fabG Salmonella typhimurium fabG gene

St_fabA Salmonella typhimurium fabA gene

St_fabZ Salmonella typhimurium fabZ gene

BS_fabl Bacillus subtilis fabl gene

BS_FabL Bacillus subtilis fabL. gene

Vec_FabVv Vibrio chorlerate fabV gene

Ec_Fabl Escherichia coli fabl gene

Each “iFAB” included various fab genes in the following
order: 1) an enoyl-ACP reductase (BS_fabl, BS_FabL,
Vc_FabV, or Ec_Fabl); 2) a b-ketoacyl-ACP synthetase 111
(St_fabH); 3) a malonyl-CoA-ACP transacylase (St_fabD);
4) a b-ketoacyl-ACP reductase (St_fabG); 5) a 3-hydroxy-
acyl-ACP dehydratase (St_fabA or St_fabZ); 6) a b-ketoacyl-
ACP synthetase II (Cac_fabF). Note that St_fabA also has
trans-2, cis-3-decenoyl-ACP isomerase activity (ref) and that
Cac_fabF has b-ketoacyl-ACP synthetase II and b-ketoacyl-
ACP synthetase I activities (Zhu et al., BMC Microbiology
9:119 (2009)). See Table 2, below for the specific composi-
tion of iFABs 130-145. See FIGS. 7A and B which provide
diagrammatic depiction of the iFAB138 locus, including a
diagram of cat-loxP-T5 promoter integrated in front of
FAB138 (7A); and a diagram of iT5_138 (7B).

TABLE 2

Composition of iFABs 130-145.

ifab BS_fabl BS_fabL Vc_fabV Ec_fabl nSt fabH sSt fabH St fabD St fabG St fabA St fabZ Cac_fabF
ifab130 1 0 0 0 1 0 1 1 1 0 1
ifab131 1 0 0 0 1 0 1 1 0 1 1
ifab132 1 0 0 0 0 1 1 1 1 0 1
ifab133 1 0 0 0 0 1 1 1 0 1 1
ifab134 0 1 0 0 1 0 1 1 1 0 1
ifab135 0 1 0 0 1 0 1 1 0 1 1
ifab136 0 1 0 0 0 1 1 1 1 0 1
ifab137 0 1 0 0 0 1 1 1 0 1 1
ifab138 0 0 1 0 1 0 1 1 1 0 1
ifab139 0 0 1 0 1 0 1 1 0 1 1
ifab140 0 0 1 0 0 1 1 1 1 0 1
ifab141 0 0 1 0 0 1 1 1 0 1 1
ifab142 0 0 0 1 1 0 1 1 1 0 1
ifab143 0 0 0 1 1 0 1 1 0 1 1
ifab144 0 0 0 1 0 1 1 1 1 0 1
ifab145 0 0 0 1 0 1 1 1 0 1 1
Example 3 The plasmid pCL,_P . tesA was transformed into each of
55 the strains and a fermentation was run in FA2 media with 20

Increased Flux Through the Fatty Acid Synthesis Path-
way—iFABs

Fatty Acid Derivative Production:

Strategies to increase the flux through the fatty acid syn-
thesis pathway in recombinant host cells include both over-
expression of native E. coli fatty acid biosynthesis genes and
expression of exogenous fatty acid biosynthesis genes from
different organisms in E. coli. In this study, fatty acid biosyn-
thesis genes from different organisms were combined in the
genome of . coli DV2. Sixteen strains containing iFABs
130-145 were evaluated. The detailed structure of iFABs
130-145 is presented in iFABs Table 1, below.
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hours from induction to harvest atboth 32° C. and 37° C. Data
for production of Total Fatty Species from duplicate plate
screens is shown in FIGS. 6 A and 6B. From this library screen
the best construct was determined to be DV2 with iFAB138.
The iFAB138 construct was transferred into strain D178 to
make strain EG149. This strain was used for further engineer-
ing. The sequence of iFAB 138 in the genome of EG149 is
presented as SEQ ID NO:13. Table 3 presents the genetic
characterization of a number of E. coli strains into which
plasmids containing the expression constructs described
herein were introduced as described below. These strains and
plasmids were used to demonstrate the recombinant host
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cells, cultures, and methods of certain embodiments of the
present disclosure. The genetic designations in Table 3 are
standard designations known to those of ordinary skill in the
art.

TABLE 3

Genetic Characterization of E. coli strains

Strain Genetic Characterization

DV2 MG1655 F-, h-, ilvG-, rfb-50, rph-1, AfhuA::FRT,
AfadE::FRT

DV2.1 DV2 fabB::fabB[A329V]

D178 DV2.1 entD::FRT_Pzs_entD

EG149 D178 AinsH-11::P; 4775-IFAB138

Vo642 EG149 mph+

SL313 V642 laclZ::P 4, 'tesA/pDG109

V668 ve42 ilvG*

LC397 V668 laclZ::P 1z 'tesA(var)_kan

SL571 V668 laclZ:: Prpo 'tesA(var)_FRT

LC942 SL571 attTn7::Pyz 'tesA(var)

DG16 LC942/pLC56

V940 LC397/pV171.1

D851 SL571 yijP::Tn5-cat/pV171.1

Plasmids: pDG109, pLC56 and pV171.1 are pCL_P,,._carB_tesA_alrA_fabB_fadR operon
with variable expression of carB and tesA. iFAB138 is SEQ ID NO: 13.

Example 4

Increasing the Amount of Free Fatty Acid (FFA) Product
by Repairing the rph and ilvG Mutations

The ilvG and rph mutations were corrected in this strain
resulting in higher production of FFA. Strains D178, EG149
and V668 (Table 3) were transformed with pCL_P,, tesA.
Fermentation was run at 32° C. in FA2 media for 40 hours to
compare the FFA production of strains D178, EG149, and
V668 with pCL_P . tesA. Correcting the rph and ilvG
mutations resulted in a 116% increase in the FFA production
of the base strain with pCL_P . tesA. As seen in FIG. 8,
V668/pCL_P 7z tesA produces more FFA than the D178/
pCL_P/xc tesA, or the EG149/pCL_P - tesA control.
Since FFA is a precursor to the LS9 products, higher FFA
production is a good indicator that the new strain can produce
higher levels of LS9 products. Fermentation and extraction
was run according to a standard FAL.C fermentation protocol
exemplified by the following.

A frozen cell bank vial of the selected E. coli strain was
used to inoculate 20 mL of LB brothina 125 mL baffled shake
flask containing spectinomycin antibiotic at a concentration
of 115 pg/mL. This shake flask was incubated in an orbital
shaker at 32° C. for approximately six hours, then 1.25 mL of
the broth was transferred into 125 mL of low P FA2 seed
media (2 g/ NH,C1, 0.5 g/. NaCl, 3 g/L. KH,PO,, 0.25 g/L
MgS0,-7H,0, 0.015 g/l mM CaCl,-2H,0, 30 g/LL glucose,
1 mL/L of a trace minerals solution (2 g/L. of ZnCl,.4H,0, 2
g/ of CaCl,.6H,0, 2 g/LL of Na,MoO,.2H,0, 1.9 g/L of
CuS0,.5H,0, 0.5 g/l of H;BO;, and 10 mL/LL of concen-
trated HCI), 10 mg/L of ferric citrate, 100 mM of Bis-Tris
buffer (pH 7.0), and 115 pg/mlL. of spectinomycin), in a 500
ml baffled Erlenmeyer shake flask, and incubated on a shaker
overnight at 32° C. 100 mL of this low P FA2 seed culture was
used to inoculate a 5 L Biostat Aplus bioreactor (Sartorius
BBI), initially containing 1.9 L. of sterilized F1 bioreactor
fermentation medium. This medium is initially composed of
3.5 g/L of KH,PO,, 0.5 g/Lof (NH,),SO,, 0.5 g/L. of MgSO,,
heptahydrate, 10 g/L. of sterile filtered glucose, 80 mg/L ferric
citrate, 5 g/ Casamino acids, 10 mL/LL of the sterile filtered
trace minerals solution, 1.25 mL/L of a sterile filtered vitamin
solution (0.42 g/L of riboflavin, 5.4 g/, of pantothenic acid, 6
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g/ of niacin, 1.4 g/I. of pyridoxine, 0.06 g/LL of biotin, and
0.04 g/L of folic acid), and the spectinomycin at the same
concentration as utilized in the seed media. The pH of the
culture was maintained at 6.9 using 28% w/v ammonia water,
the temperature at 33° C., the aeration rate at 1 lpm (0.5
v/v/m), and the dissolved oxygen tension at 30% of satura-
tion, utilizing the agitation loop cascaded to the DO controller
and oxygen supplementation. Foaming was controlled by the
automated addition of a silicone emulsion based antifoam
(Dow Corning 1410).

A nutrient feed composed of 3.9 g/I. MgSO,, heptahydrate
and 600 g/l glucose was started when the glucose in the
initial medium was almost depleted (approximately 4-6 hours
following inoculation) under an exponential feed rate of 0.3
hr™! to a constant maximal glucose feed rate of 10-12 g/L/hr,
based on the nominal fermentation volume of 2 L. Production
of fatty alcohol in the bioreactor was induced when the cul-
ture attained an OD of 5 AU (approximately 3-4 hours fol-
lowing inoculation) by the addition of a 1M IPTG stock
solution to a final concentration of 1 mM. The bioreactor was
sampled twice per day thereafter, and harvested approxi-
mately 72 hours following inoculation. A 0.5 mL sample of
the well-mixed fermentation broth was transferred into a 15
mL conical tube (VWR), and thoroughly mixed with 5 mL of
butyl acetate. The tube was inverted several times to mix, then
vortexed vigorously for approximately two minutes. The tube
was then centrifuged for five minutes to separate the organic
and aqueous layers, and a portion of the organic layer trans-
ferred into a glass vial for gas chromatographic analysis.

Example 5

Increased Production of Fatty Alcohol by Transposon
Mutagenesis—yijP

To improve the titer, yield, productivity of fatty alcohol
production by E. coli, transposon mutagenesis and high-
throughput screening was carried out and beneficial muta-
tions were sequenced. A transposon insertion in the yijP strain
was shown to improve the strain’s fatty alcohol yield in both
shake flask and fed-batch fermentations. The SL313 strain
produces fatty alcohols. The genotype of this strain is pro-
vided in Table 3. Transposon clones were then subjected to
high-throughput screening to measure production of fatty
alcohols. Briefly, colonies were picked into deep-well plates
containing [.B, grown overnight, inoculated into fresh LB and
grown for 3 hours, inoculated into fresh FA2.1 media, grown
for 16 hours, then extracted using butyl acetate. The crude
extract was derivatized with BSTFA (N,O-bis| Trimethylsi-
Iyl]trifluoroacetamide) and analyzed using GC/FID. Specti-
nomycin (100 mg/I.) was included in all media to maintain
selection of the pDG109 plasmid. Hits were selected by
choosing clones that produced a similar total fatty species as
the control strain SL.313, but that had a higher percent of fatty
alcohol species and a lower percent of free fatty acids than the
control. Strain 68F11 was identified as a hit and was validated
in a shake flask fermentation using FA2.1 media. A compari-
son of transposon hit 68F 11 to control strain S[.313 indicated
that 68F11 produces a higher percentage of fatty alcohol
species than the control, while both strains produce similar
titers of total fatty species. A single colony of hit 68F11,
named LC535, was sequenced to identify the location of the
transposon insertion. Briefly, genomic DNA was purified
from a 10 mL overnight L.B culture using the kit ZR Fungal/
Bacterial DNA MiniPrep™ (Zymo Research Corporation,
Irvine, Calif.) according to the manufacturer’s instructions.
The purified genomic DNA was sequenced outward from the
transposon using primers internal to the transposon:
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(SEQ ID NO: 14)
DG150 5' -GCAGTTATTGGTGCCCTTAAACGCCTGGTTGCTACGCC
TG-3'
(SEQ ID NO: 15)
DG131 5' -GAGCCAATATGCGAGAACACCCGAGAA-3"'

Strain LC535 was determined to have a transposon inser-
tionin the yijP gene (FIG. 18). yijP encodes a conserved inner
membrane protein whose function is unclear. The yijP gene is
in an operon and co-transcribed with the ppc gene, encoding
phosphoenolpyruvate carboxylase, and the yijO gene, encod-
ing a predicted DNA-binding transcriptional regulator of
unknown function. Promoters internal to the transposon
likely have effects on the level and timing of transcription of
vijP, ppc and yijO, and may also have effects on adjacent
genes frwD, pflC, pfld, and argE. Promoters internal to the
transposon cassette are shown in FIG. 18, and may have
effects on adjacent gene expression. Strain LC535 was evalu-
ated in a fed-batch fermentation on two different dates. Both
fermentations demonstrated that LC535 produced fatty alco-
hols with a higher yield than control SI.313, and the improve-
ment was 1.3-1.9% absolute yield based on carbon input. The
yijP transposon cassette was further evaluated in a different
strain V940, which produces fatty alcohol at a higher yield
than strain SL.313. The yijP::Tn5-cat cassette was amplified
from strain LC535 using primers:

LC277

(SEQ ID NO:
5'-CGCTGAACGTATTGCAGGCCGAGTTGCTGCACCGCTCCCGCCAGG
CAG-3'

16)

LC278

(SEQ ID NO:
5' -GGAATTGCCACGGTGCGGCAGGCTCCATACGCGAGGCCAGGTTAT
CCAACG-3"

17)

This linear DNA was electroporated into strain SL571 and
integrated into the chromosome using the lambda red recom-
bination system. Colonies were screened using primers out-
side the transposon region:

(SEQ ID NO: 18)
DG407 5'-AATCACCAGCACTAAAGTGCGCGGTTCGTTACCCG-3"

(SEQ ID NO: 19)
DG408 5'-ATCTGCCGTGGATTGCAGAGTCTATTCAGCTACG-3"'

A colony with the correct yijP transposon cassette (FIG. 9)
was transformed with the production plasmid pV171.1 to
produce strain D851. D851 (V940 yijP:: Tn5-cat) was tested
in a shake-flask fermentation against isogenic strain V940
that does not contain the yijP transposon cassette. The result
of' this fermentation showed that the yijP transposon cassette
confers production of a higher percent of fatty alcohol by the
D851 strain relative to the V940 strain and produces similar
titers of total fatty species as the V940 control strain. Strain
D851 was evaluated in a fed-batch fermentation on two dif-
ferent dates. Data from these fermentations is shown in Table
4 which illustrates that in 5-liter fed-batch fermentations,
strains with the yijP::TnS5-cat transposon insertion had an
increased total fatty species (“FAS”) yield and an increase in
percent fatty alcohol (“FALC”). “Fatty Species” include
FALC and FFA.
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TABLE 4

Effect of vijp transposon insertion on titer and vield of FAS and FALC

Strain FAS Titer FAS Yield Percent FALC FALC Yield

V940 68 g/l 18.70% 95.00% 17.80%

D851 70 g/l 19.40% 96.10% 18.60%

V940 64 g/ 18.40% 91.90% 16.90%

D851 67 g/l 19.00% 94.00% 17.80%
Tank Fermentation Method:

To assess production of fatty acid esters in tank a glycerol
vial of desired strain was used to inoculate 20 mL, L.B+spec-
tinomycin in shake flask and incubated at 32° C. for approxi-
mately six hours. 4 mL of LB culture was used to inoculate
125 mLL Low PFA Seed Media (below), which was then
incubated at 32° C. shaker overnight. 50 mL of the overnight
culture was used to inoculate 1 L of Tank Media. Tanks were
run at pH 7.2 and 30.5° C. under pH stat conditions with a
maximum feed rate of 16 g/L/hr (glucose or methanol).

TABLE 5

Low PFA Seed Media

Component Concentration
NH4CI 2 g/L
NaCl 0.5 g/L
KH2PO4 1 gL
MgS04—T7H20 0.25 g/L
CaCl2—2H20 0.015 g/L
Glucose 20 g/l
TM2 Trace Minerals solution 1 mL/L
Ferric citrate 10 mg/L
Bis Tris buffer (pH 7.0) 100 mM
Spectinomycin 115 mg/LL

TABLE 6

Tank Media

Concentration

Component

(NH4)2504 0.5 g/L
KH2PO4 3.0 g/L
Ferric Citrate 0.034 g/L
TM2 Trace Minerals Solution 10 mL/L

Casamino acids 5
Post sterile additions

g/L

MgS04—7H20 2.2 g/l
Trace Vitamins Solution 1.25 mL/L
Glucose 5 g/L
Inoculum 50 mL/L

Example 6

Addition of an N-terminal 60 bp Fusion Tag to CarB
(CarB60)

There are many ways to increase the solubility, stability,
expression or functionality of a protein. In one approach to
increasing the solubility of CarB, a fusion tag could be cloned
before the gene. In another approach increase the expression
of CarB, the promoter or ribosome binding site (RBS) of the
gene could be altered. In this study, carB (SEQ ID NO: 7) was
modified by addition of an N-terminal 60 bp fusion tag. To
generate the modified protein (referred to herein as
“CarB607), carB was first cloned into the pET15b vector
using primers:
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(SEQ ID NO: 20)
5'-GCAATTCCATATGACGAGCGATGTTCACGA-3"' ;
and
(SEQ ID NO: 21)
5'-CCGCTCGAGTAAATCAGACCGAACTCGCG.
The pET15b-carB construct contained 60
nucleotides directly upstream of the carB gene:
(SEQ ID NO: 22)

5' -ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGT
GCCGCGCGGCAGCCAT

The fusion tag version of carB was renamed carB60. The
pET15b_carB60 was then digested using restriction enzymes
Ncol and HindIIl and subcloned into the pCL1920-derived
vector OP80 which was cut with the same enzymes. This
plasmid was transformed into strain V324 (MG1655 AfadE::
FRT AfhuA::FRT fabB::A329V entD:: T5-entD laclZ::P -
‘TesA) to evaluate FALC production. Strains were fermented
according to a standard procedure (summarized below) and
the total fatty species titer and total fatty alcohol titer were
quantified. FIG. 10 shows that CarB60 increases fatty alcohol
titers and therefore the CarB60 enzyme has higher total cel-
Iular activity than CarB when expressed from a multicopy
plasmid.

To assess production of fatty alcohols in production strains,
transformants were grown in 2 ml of LB broth supplemented
with antibiotics (100 mg/L) at 37° C. After overnight growth,
40 ul of culture was transferred into 2 ml of fresh LB supple-
mented with antibiotics. After 3 hours of growth, 2 ml of
culture were transtferred into a 125 m[. flask containing 20 ml
of M9 medium with 3% glucose supplemented with 20 pl
trace mineral solution, 10 ug/L iron citrate, 1 ng/L. thiamine,
and antibiotics (FA2 media). When the ODy, of the culture
reached 1.0, 1 mM of IPTG was added to each flask. After 20
hours of growth at 37° C., 400 ulL samples from each flask
were removed and fatty alcohols extracted with 400 pL butyl
acetate. To further understand the mechanism of the improved
CarB activity, CarB60 was purified from strain D178 which
does not contain “TesA (MG1655 AfadE::FRT AfthuA::FRT
fabB::A329V entD::P-entD). Briefly, pCL.1920_carB60
was transformed into strain D178, which has been engineered
for fatty alcohol production, and fermentation was carried out
at37° C. in FA-2 medium supplemented with spectinomycin
(100 pug/ml). When the culture OD, reached 1.6, cells were
induced with 1 mM isopropyl-p-D-thiogalactopyranoside
(IPTG) and incubated for an additional 23 h at 37° C. For
purification of CarB60, the cells were harvested by centrifu-
gation for 20 min at 4° C. at 4,500 rpm. Cell paste (10 g) was
suspended in 12 ml of BugBuster MasterMix (Novagen) and
protease inhibitor cocktail solution. The cells were disrupted
by French Press and the resulting homogenate was centri-
fuged at 10,000 rpm to remove cellular debris. Ni-NTA was
added to the resulting mixture, and the suspension was
swirled at 4° C. at 100 rpm for 1 hour on a rotary shaker. The
slurry was poured into a column, and the flow-through was
collected. The Ni-NTA resin was washed with 10 mM imi-
dazole in 50 mM sodium phosphate buffer pH 8.0 containing
300 mM NaCl, and further washed with 20 mM imidazole in
50 mM sodium phosphate butfer pH 8.0 containing 300 mM
NaCl. The CarB60 protein was eluted with 250 mM imida-
zole in 50 mM sodium phosphate buffer pH 8.0 containing
300 mM NacCl, and analyzed by SDS-PAGE. The protein was
dialyzed against 20% (v/v) glycerol in 50 sodium phosphate
buffer pH 7.5 yielding approximately 10 mg of CarB60 per
liter of culture. The protein was flash frozen and stored at
-80° C. until needed.
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The CarB60 protein was abundantly expressed from a mul-
ticopy plasmid. Additional SDS-PAGE analysis showed that
expression of CarB60 was higher than CarB. The higher
expression level of CarB60 suggested that the carB60 gene
integrated into the E. coli chromosome would produce more
protein than the carB gene in the same location. To test this
hypothesis, the carB60 gene was integrated into the . coli
chromosome. Briefly, the carB60 gene was first amplified
from pCL_carB60 using forward primer:

(SEQ ID NO: 23)
5' -ACGGATCCCCGGAATGCGCAACGCAATTAATGTaAGTTAGCGC-3" ;
and
reverse primer:

(SEQ ID NO: 24)

5'-TGCGTCATCGCCATTGAATTCCTAAATCAGACCGAACTCGCGCAG
G-3"'.

A second PCR product was amplified from vector pAHS6
using forward primer:

(SEQ ID NO:
5'-ATTCCGGGGATCCGTCGACC-3"';
and reverse primer:

25)

(SEQ ID NO:
5' -AATGGCGATGACGCATCCTCACG-3"!

26)

This fragment contains a kanamycin resistance cassette,
AattP site, and yYR6k origin of replication. The two PCR prod-
ucts were joined using the InFusion kit (Clontech) to create
plasmid pSL.116-126. A fatty alcohol production strain con-
taining an integrated form of ‘TesA12HO08 and a helper plas-
mid pINT was transformed with either pSL.116-126 contain-
ing the carB60 gene or plasmid F27 containing the carB gene.
These strains were fermented in FA2 media according to
standard procedures for shake-flask fermentations, as
described above. To characterize and quantify the fatty alco-
hols and fatty acid esters, gas chromatography (“GC”)
coupled with flame ionization (“FID”) detection was used.
The crude extract was derivatized with BSTFA (N,O-bis| Tri-
methylsilyl|trifluoroacetamide) and analyzed wusing a
GC/FID. Quantification was carried out by injecting various
concentrations of the appropriate authentic references using
the GC method described above as well as assays including,
but not limited to, gas chromatography (GC), mass spectros-
copy (MS), thin layer chromatography (TLC), high-perfor-
mance liquid chromatography (HPLC), liquid chromatogra-
phy (LC), GC coupled with a flame ionization detector (GC-
FID), GC-MS, and LC-MS, can be used. When testing for the
expression of a polypeptide, techniques such as Western blot-
ting and dot blotting may be used.

The results of the fermentation after 20 hours are shown in
FIG. 11. The total fatty product titers of the two strains are
similar (2.4 g/l total fatty species), however integrated
CarB60 converts a greater fraction of C12 and C14 chain
length free fatty acids into fatty alcohols, compared to CarB
without the N-terminal tag. These data suggest that cells
expressing CarB60 have a higher total cellular carboxylic
acid reductase activity, and can convert more FFA into fatty
alcohols. Thus, carB60 when integrated in the chromosome is
an improved carB template that provides desired activity for
evolving carB gene to identify improved carB variants.
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Example 7

Generation of CarB Mutants

The CarB enzyme is a rate-limiting step in the production
of fatty alcohols under certain process conditions. To produce
fatty alcohols economically, efforts were made to increase the
activity of the CarB enzyme.

Error Prone PCR Library Screen:

Random mutagenesis using error prone PCR was per-
formed under conditions where the copying fidelity of the
DNA polymerase is low. The mutagenized nucleic acids were
cloned into a vector, and error-prone PCR followed by high-
throughput screening was done to find beneficial mutations
that increase conversion of free fatty acids to fatty alcohols (as
detailed below). Important residues were further mutated to
other amino acids. A number of single amino acid mutations
and combinations of mutations increased the fraction of fatty
species that are converted to fatty alcohols. Briefly, random
mutations were generated in the carB60opt gene by error-
prone PCR using the Genemorph II kit (Stratagene). Muta-
tions were generated in only one of two domains of carB60opt
separately, to facilitate cloning. Library 1 contained the first
759 residues of carB60opt and was generated by error-prone
PCR using primers:

(SEQ ID NO: 27)

HZ117 5' -ACGGAAAGGAGCTAGCACATGGGCAGCAGCCATCATCA
T-3';

and

(SEQ ID NO: 28)
DG264 5' -GTAAAGGATGGACGGCGGTCACCCGCC-3" .
The vector for Library 1 was plasmid pDG115
digested with enzymes Nhel and PshAI. Library 2
contained the last 435 residues of carBeéOopt and
was generated by error-prone PCR using primers:

(SEQ ID NO: 29)
DG263 5' -CACGGCGGGTGACCGCCGTCCATCC-3" ;
and

(SEQ ID NO: 30)
HZ118 5'-TTAATTCCGGGGATCCCTAAATCAGACCGAACTCGCGCA

GGTC-3"' .

The vector for Library 2 was plasmid pDG115 digested
with enzymes PshAl and BamHI. The error-prone inserts
were cloned into the vectors using InFusion Advantage
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(Clontech) and passaged through cloning strain NEB Turbo
(New England Biolabs). The libraries were then transformed
into strain EG442 (EG149 Tn7::Px-~ABR laclZ::Ps -
ABR). Error-prone carB60opt clones were then subjected to
high-throughput screening to measure production of fatty
alcohols. Briefly, colonies were picked into deep-well plates
containing [.B, grown overnight, inoculated into fresh LB and
grown for 3 hours, inoculated into fresh FA-2.1 media, grown
for 16 hours, then extracted using butyl acetate. The crude
extract was derivatized with BSTFA (N,O-bis| Trimethylsi-
Iyl]trifluoroacetamide) and analyzed using a standard
GC/FID method. Spectinomycin (100 mg/L.) was included in
all media to maintain selection of the pDG115 plasmid. Hits
were selected by choosing clones that produced a smaller
total free fatty acid titer and a larger total fatty alcohol titer
compared to the control strain. To compare hits from different
fermentation screens, the conversion of free fatty acids to
fatty alcohols was normalized by calculating a normalized
free fatty acid percentage NORM FFA=Mutant Percent FFA/
Control Percent FFA where “Percent FFA” is the total free
fatty acid species titer divided by the total fatty species titer.
Hits were subjected to further verification using shake-flask
fermentations, as described below.

Hits were sequenced to identify the beneficial mutations.
Sequencing was performed by colony PCR of the entire
carB60opt gene using primers

(SEQ ID NO: 31)
SL59 5' -CAGCCGTTTATTGCCGACTGGATG- 3" ;
and

(SEQ ID NO: 32)
EG479 5! -CTGTTTTATCAGACCGCTTCTGCGTTC-3",

and sequencedusing primers internal to the
carBé60opt enzyme.

The beneficial mutations that improved the CarB60opt
enzyme are shown in Table 7. The normalized free fatty acid
(NORM FFA) column indicates the improvement in the
enzyme, with lower values indicating the best improvement.
“Well #” indicates the primary screening well that this muta-
tion was found in. All residue numbers refer to the CarB
protein sequence, which does not include the 60 bp tag. Muta-
tions indicated with the prefix “Tag:” indication mutations in
the 60 bp/20 residue N-terminal tag.

TABLE 7

Beneficial Mutations in the CarB Enzyme Identified During Error-
Prone Screening (TAG Mutations Removed)

Well # Norm FFA Missense Mutations Silent Mutations

131B08 70.50%  L799V V810F 5927R M1062L A1158V F11701 CCG1115CCT

20C07 71.80%  AS535S

65B02 74.70%  V930R ACCB67ACA

54B10 76.30%  L8CQ T231M F288LA418T V580M A541V G677DP712A

67E1 78.20%  D750G R827C D986G G1025D P1149G GCA1031GCT GTC1073GTT
65COB 78.90%  V926A ATT941ATA

12C10 80.30% V46l

66E08 80.10%  V926A

70F02 80.90%  D750G R827C DI986G G1026D P1149S GCA1031GCT GTC1073GTT
07DC1 82.40%  E20K V191A

66GC9 82.40%  R827C L1128S ACG780ACA CTG923TTG
25PC2 83.50%  F288S

06C01 85.10% V46l D6CO1

05DC2 85.20%  T396S CCG477CCT

124E03 86.00%  R827C L1128S ACG780ACA CTG923TTG
17AC4 86.20%  AS5T4T GCA237GCT ACC67676ACT GCC529GCT
132C08 87.00%  V1062T R1080F TTG830TTA TACB34TAT
72C09 87.30%  PB0YL M1062V

10F02 87.70%  E686K
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TABLE 7-continued

44

Beneficial Mutations in the CarB Enzyme Identified During Error-
Prone Screening (TAG Mutations Removed)

Well # Norm FFA Missense Mutations

Silent Mutations

71F03 88.10%  R827C L1128S

38G04 88.90%  DI143E A612T

42F08 90.20%  TOOM

66C04 90.30%  L1128S

18C08 90.40%  O478L

12E02 90.60%  DION S22N R87H L4168
28B09 91.10%  E28K H212N Q473L
100E09 92.20%  E936K P1134R

03E09 93.20% V2591

74G11 93.80%  I870V S9271 SO85I 11164F
46C01 95.60% D18V D292N

ACGT780ACA CTG923TTG
GCA181GCG
CTG186CTT

CCGI1GT7CCA

CCG122CCA ACG178ACA CTG288TTG
CTG340CTA ACC401ACT GCA681GCG

CGT829CGG CTG1007CTA

GTG1000GTC

Saturation Mutagenesis (Combo 1 and 2 Library Gener-
ated):

Amino acid positions deemed beneficial for fatty alcohol
production following error-prone PCR were subjected to fur-
ther mutagenesis. Primers containing the degenerate nucle-
otides NNK or NNS were used to mutate these positions to
other amino acids. The resulting “saturation mutagenesis
libraries” were screened as described above for the error
prone libraries, and hits were identified that further improved
fatty alcohol conversion (a smaller total free fatty acid titer
and a larger total fatty alcohol titer compared to the parent
“control” strain). Single amino acid/codon changes in nine
different positions that improve the production of fatty alco-
hols are shown in Table 8. Hits were subjected to further
verification using shake-flask fermentations, as described
herein.

TABLE 8

Beneficial Mutations in the CarB Enzyme Identified During Amino
Acid Saturation Mutagenesis

WT Amino Mutant Amino  Mutant
Acid WT Codon Acid Codon Norm FFA
E20 GAG F TTC 92.20%
L CTG 94.50%
L TTG 96.20%
R CGC 86.50%
S TCG 87.40%
v GTG 86.00%
v GTC 85.30%
Y TAC 88.80%
V191 GTC A GCC 88.70%
S AGT 98.00%
F288 TTT G GGG 70.30%
R AGG 77.20%
S TCT 85.60%
S AGC 79.60%
Q473 CAA A GCG 89.50%
F TTC 89.10%
H CAC 84.10%
I ATC 77.20%
K AAG 90.30%
L CTA 90.10%
M ATG 89.00%
R AGG 88.00%
v GTG 89.20%
w TGG 84.50%
Y TAC 86.00%
A535 GCC A TCC 71.80%
R827 CGC A GCC 93.20%
C TGT 87.90%
C TGC 83.20%
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TABLE 8-continued

Beneficial Mutations in the CarB Enzyme Identified During Amino
Acid Saturation Mutagenesis

WT Amino Mutant Amino  Mutant

Acid WT Codon Acid Codon Norm FFA

V926 GTT A GCT 78.10%
A GCG 66.30%
A GCC 69.50%
E GAG 65.80%
G GGC 78.60%

$927 AGC G GGG 77.60%
G GGT 79.30%
I ATC 90.80%
K AAG 70.70%
v GTG 87.90%

M930 ATG K AAG 82.30%
R CGG 73.80%
R AGG 69.80%

L1128 TTG A GCG 92.70%
G GGG 89.70%
K AAG 94.80%
M ATG 95.80%
P CCG 98.40%
R AGG 90.90%
R CGG 88.50%
S TCG 88.90%
T ACG 96.30%
v GTG 93.90%
w TGG 78.80%
Y TAC 87.90%

Amino acid substitutions deemed beneficial to fatty alco-
hol production were next combined. PCR was used to amplify
parts of the carBopt gene containing various desired muta-
tions, and the parts were joined together using a PCR-based
method (Horton, R. M., Hunt, H. D., Ho, S. N, Pullen, J. K.
and Pease, L. R. 1989). The carBopt gene was screened
without the 60 bp N-terminal tag. The mutations combined in
this combination library are shown in Table 9.

TABLE 9

CarB Mutations from the First Combination Library

Mutation Codon
E20V GTG
E20S TCG
E20R CGC
V1918 AGT
F288R AGG
F288S AGC
F288G GGG

Q473L CTG
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TABLE 9-continued

CarB Mutations from the First Combination Library

46

-continued
Using InFusion cloning, the pooled carB mutants
were cloned into a production plasmid, pvV8é69,
which was PCR amplified using primers:

Mutation Codon (SEQ ID NO: 37)
5 DGE228 5'-CATGGTTTATTCCTCCTTATTTAATCGATAC;
Q473W TGG and
Q473Y TAC
Q4731 ATC (SEQ ID NO: 38)
Q473H CAC DG318 5'-TGACCTGCGCGAGTTCGGTCTGATTTAG.
A5358 TCC )
10 The carB mutant that performed the best in the shake-flask
. ) ) o fermentation plasmid screen (carB2; Table 11) was desig-
To facilitate screening, the resulting CarB combination nated VA101 and the control strain carrying carBopt [A535S]
library was then integrated into the chromosome of strain was designated VA82. See FIG. 13.
V668 at the lacZ locus. The sequence of the carBopt gene at Amino acid substitutions in the reduction domain of carB
this locus is presented as SEQ ID NO:7. The genotype of |, deemed beneficial to fatty alcohol production were combined
strain V668 is MG1655 (AfadE::FRT AthuA::FRT AfabB:: ~ Wwithone of the best carB-L combination library hits, “carB3”
A329V AentD::T5-entD AinsH-11:: P, ps fab138 rphe  (Table11).PCRwas used toamplify parts of the carBopt gene
ilvG+) (as shown in Table 3 and FIG. 16). The strains were containing various desired mutations in Reduction domain,
. . S . and the parts were joined together using SOE PCR. The
then transformed with plasmid pVA3, which contains TesA, a - S TR -
. L . mutations combined in this combination library are shown in
catalytically inactive CarB enzyme CarB[S693A] which 20 Tple 10
destroys the phosphopantetheine attachment site, and other
genes which increase the production of free fatty acids. The TABLE 10
combination library was screened as described above for the
error prone library. V668 with integrated carB opt (A535S) in CarB Mutations from the Second Combination Library
the lacZ region and containing pVA3 was used as the control. 25 .
A A 3 Mutation Codon
Hits were selected that increased the production of fatty alco-
hols and were subjected to further verification using shake- R827C Tac
flask fermentations, as described in Example 5. The improved 52%2 ggé
percentage of fatty alcohol production following shake flask VO26E GAG
fermentation of recombinant host cells expressing CarB com- 39 S927K AAG
bination mutants is shown in FIG. 12. ;?92;& iig
The integrated CarB combination mutants were amplified MO30R GG
from the integrated carB hits by PCR using the primers: L1128W TGG
35
(SEQ ID NO: 33) The combination library was screened as described above
EG58  5'-GCACTCGACCGGAATTATCG; for the error prone library. V668 with integrated carB3 in the
and lacZ region and containing pVA3 was used as a control. Hits
(SEQ ID NO: 34) were selected that exhibited increased production of fatty
EG626 5'-GCACTACGCGTACTGTGAGCCAGAG. . . . .
40 alcohols and were subjected to further verification using
These inserts were re-amplified using primers: shake-flask fermentations, as described above. The results of
(SEQ ID NO: 35) a shake flask fermentation showing an improved percentage
DG243  5'-GAGGRATARACCATGACGAGCGATGTTCACGACGCGACCGA of fatty alcohol production using a further CarB combination
CGGC; : . . . S
and mutation (carB4) is shown in Table 11. A graphic depiction of
(SEQ ID No: 36) 45 therelativeconversion efficiency oflow copy CarB variants is
DG210 5'-CTAAATCAGACCGAACTCGCGCAGE. presented in FIG. 14. Results reported in Table 11 are from
bioreactor runs carried out under identical conditions.
TABLE 11
CAR Variants
Name  Mutation(s) Strain Tank data Notes
carB None =WT (E20 V191 F288 Q473) protein is SEQ ID NO: 7
carB60 None + tag V324
carBl  AS535S V940 83% FALC; C12/C14 =3.4 has one copy of 12HO8
chromosomal TE
carB2  E20R, F288G, Q4731, A535S LH375 97% FALC; C12/C14=3.6 has two copies of 12H08
chromosomal TE
carB2  E20R, F288G, Q4731, A535S LH346 96% FALC; C12/C14=3.7 has one copy of 12H08
chromosomal TE
carB3  E20R, F288G, Q473H, A535S L combo library No examples run in
bioreactors to date
carB4  E20R, F288G, Q473H, A535S, R827A, $927G R combo library 97% FALC; C12/C14=3.9  has two copies of 12H08

(VA-219)

chromosomal TE
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TABLE 11-continued
CAR Varjant;
Name  Mutation(s) Strain Tank data Notes
carA None See, US Patent Pub. protein is SEQ ID NO: 39
No. 20100105963
FadD9 None See, US Patent Pub. protein is SEQ ID NO: 40

No. 20100105963

The DNA sequences of CarA, FadD9, CarB, and CarB60 are presented herein as SEQ ID NO: 41, 42, 43 and 44, respectively.

Identification of Additional Beneficial Mutations in CarB
Enzyme by Saturation Mutagenesis:

A dual-plasmid screening system was later developed and
validated to identify improved CarB variants over CarB4 for
FALC production. The dual-plasmid system met the follow-
ing criteria: 1) Mutant clones produce high FA titer to provide
fatty acid flux in excess of CarB activity. This is accomplished
by transforming a base strain (V668 with two copies of chro-
mosomal TE) with a plasmid (pLYC4,
pCL1920_P gy carDead_tesA_alrAadpl_fabB[A329G]_
fadR) that carries the FALC operon with a catalytically

15

20

ity is tunable. This is achieved by combining a weaker pro-
moter (P, ) and alternative start codons (GTG or TTG) to
tune CarB4 expression levels. 3) Good plasmid stability, a
toxin/antitoxin module (ccdBA operon) was introduced to
maintain plasmid stability.

Briefly, the screening plasmid pBZ1 (pACYCDuet-
1_Pr-carBAGTG_rmBter_ccdAB) was constructed from
four parts using In-Fusion HD cloning method (Clontech) by
mixing equal molar ratios of four parts (P, carB4 with
ATG/TTG/GTG start codons, rrnB T1T2 terminators with
ccdAB, and pACYCDuet-1 vector).

The parts (1 to 4) were PCR amplified by the following primer pairs:
(1) Pgpci-Forward primer

(SEQ ID NO: 45)
5'CGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAATCAAATCCGGCTCGTATAATGTGTG-3"
and reverse primer

(SEQ ID NO: 46)
5'-GGTTTATTCCTCCTTATTTAATCGATACAT-3"!
using pVA232
(pCL1920_Pgp- carB4_tesA alrARadpl fabB[A329G] fadR) plasmid as template.
(1) carB4 with ATG/TTG/GTG start codons-Forward primer carB4 ATG

(SEQ ID NO: 47)
5'ATGTATCGATTAAATAAGGAGGAATAAACCATGGGCACGAGCGATGTTCACGACGCGAC-3 ' ;
carB4 GTG

(SEQ ID NO: 48)
5'ATGTATCGATTAAATAAGGAGGAATAAACCGTGGGCACGAGCGATGTTCACGACGCGAC-3 ' ;
and carB4 TTG

(SEQ ID NO: 49)
5'-ATGTATCGATTAAATAAGGAGGAATAAACCTTGGGCACGAGCGATGTTCACGACGCGAC-3' ;
and reverse primer carB4 rev

(SEQ ID NO: 50)
5'-TTCTAAATCAGACCGAACTCGCGCAG-3"',
using pVA232 plasmid as template. (3) the rrnB T1T2 terminators with
ccdAB-Forward primer rrnB T1T2 term

(SEQ ID NO: 51)
5'-CTGCGCGAGTTCGGTCTGATTTAGAATTCCTCGAGGATGGTAGTGTGG-3"
and reverse primer ccdAB rev

(SEQ ID NO: 52)
5'-CAGTCGACATACGAAACGGGAATGCGG-3",
using plasmid pAH008 (pV171_ccdBA operon). (4) The pACYCDuet-1 vector
backbone-Forward primer pACYC vector for

(SEQ ID NO: 53)
5'CCGCATTCCCGTTTCGTATGTCGACTGAAACCTCAGGCATTGAGAAGCACACGGTC-3"
and reverse primer pACYC vector rev

(SEQ ID NO: 54)

5'-CTCATTTCAGAATATTTGCCAGAACCGTTAATTTCCTAATGCAGGAGTCGCATAAG-3 " .

inactive CarB enzyme CarB[S693A] to enhance the produc-
tion of free fatty acids; 2) The screening plasmid with carB
mutant template, preferably smaller than 9-kb, is amenable to
saturation mutagenesis procedures and is compatible for
expression with pL.YC4; 3) The dynamic range of CarB activ-

65

The pBZ1 plasmid was co-expressed with pLYC4 in the
strain described above and validated by shake flask and deep-
well plate fermentation. The fermentation conditions were
optimized such that CarB4_GTG template reproducibly have
~65% FALC conversion in both fermentation platforms as
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described in Example 5. Results for shake flask fermentation
are shown in FIG. 15.

Additional sites (18, 19, 22, 28, 80, 87, 90, 143, 212, 231,
259, 292,396, 416, 418, 530, 541, 574, 612, 636, 677, 712,
750, 799, 809, 810, 870, 936, 985, 986, 1026, 1062, 1080,
1134, 1149, 1158, 1161, 1170) containing mutations in the
improved CarB variants (Table 7) were subjected to full satu-
ration mutagenesis. Primers containing the degenerate nucle-
otides NNK or NNS were used to mutate these positions to
other amino acids by a PCR-based method (Sawano and
Miyawaki 2000, Nucl. Acids Res. 28: €78). Saturation library
was constructed using the pBZ1 (pACYCDuet-1_P -
carB4GTG_rmBter_ccdAB) plasmid template. Mutant
clones were transformed into NEB Turbo (New England
Biolab) cloning strains and plasmids were isolated and
pooled. The pooled plasmids were then transformed into a
V668 based strain carrying plasmid pL.YC4 and the transfor-
mants were selected on LB agar plates supplemented with
antibiotics (100 mg/LL spectinomycin and 34 mg/L. chloram-
phenicol).

CarB variants from the saturation library were then
screened for the production of fatty alcohols. Single colonies
were picked directly into 96-well plates according to a modi-
fied deep-well plate fermentation protocol as described in
Example 5. Hits were selected by choosing clones that pro-
duced a smaller total free fatty acid titer and a larger total fatty
alcohol titer compared to the control strain. To compare hits
from different fermentation batches, the conversion of free
fatty acids to fatty alcohols was normalized by calculating a
normalized free fatty acid percentage. The NORM FFA (%)
was also used in hits validation as described in Example 5.
NORM FFA (%)=Mutant Percent FFA/Control Percent FFA;
where “Percent FFA” is the total free fatty acid species titer
divided by the total fatty species titer. Hits were subjected to
further validation using shake-flask fermentations as
described in Example 5. The normalized free fatty acid
(NORM FFA) column indicates the improvement in the
enzyme, with lower values indicating the best improvement.
“Hit ID” indicates the primary screening plate well position
where the lower NORM FFA phenotype was found. Hits
mutations were identified by sequencing PCR products
amplified from “Hit” containing pBZ1 plasmids using mutant
carB gene-specific primers (BZ1 for 5-GGATCTC-
GACGCTCTCCCTT-3' (SEQ ID NO:55) and BZ12_ccdAB
unique primer S5'-TCAAAAACGCCATTAACCTGATGT-
TCTG-3' (SEQ ID NO:56). The NORM FFA values and
mutations identified in validated hits are summarized in Table
12.

TABLE 12

Beneficial Mutations in CarB4 Enzyme identified During Amino Acid
Saturation Mutagenesis

WT Amino Mutant ~ NORM FFA
Acid WT Codon  Hit ID(Amino Acid) Codon (%)
D18 GAT P10H5(R) AGG 75.5
P6B4(L) CTG 83.6
PAHI11(T) ACG 80.8
P8D11(P) CCG 81.8
S22 AGC P1F3(R) AGG 577
P2G9(R) AGG 557
P2AT(N) AAC 90
P8D7(G) GGG 82.1
180 CTG P8HI11(R) AGG 87.4
R87 CGT P7D7(G) GGG 85.2
P5D12(E) GAG 89.4

10

15

20

25

30

40

45

50

55

60

65

50
TABLE 12-continued

Beneficial Mutations in CarB4 Enzyme identified During Amino Acid

Saturation Mutagenesis

WT Amino Mutant ~ NORM FFA
Acid WT Codon  Hit ID(Amino Acid) Codon (%)
D750 GAT P8F11(A) GCG 87.6
1870 ATT P3A12(L) CTG 76.6

Identification of novel variants of CarB enzyme by full
combinatorial mutagenesis:

A full combinatorial library was constructed to include the
following amino acid residues: 18D, 18R, 228, 22R, 473H,
4731, 827R, 827C, 8701, 870L, 926V, 926A, 926E, 9278,
927K, 927G, 930M, 930K, 930R, 11281, and 1128 W. Prim-
ers containing native and mutant codons at all positions were
designed for library construction by a PCR-based method
(Horton, R. M., Hunt, H. D., Ho, S. N., Pullen, J. K. and Pease,
L. R. 1989). Beneficial mutations conserved in CarB2,
CarB3, and CarB4 (20R, 288G, and 535S) were not changed,
therefore, carB2GTG cloned into pBZ1 (modified
PBZ1_Pyp carB2GTG_ccdAB) was used as PCR tem-
plate. Library construction was completed by assembling
PCR fragments into CarB ORFs containing the above com-
binatorial mutations. The mutant CarB ORFs were then
cloned into the pBZ1 backbone by In-Fusion method (Clon-
tech). The In-Fusion product was precipitated and electropo-
rated directly into the screening strain carrying plasmid
pLYCA4. Library screening, deep-well plate and shake flask
fermentation were carried out as described in Example 5. The
activities (NORM FFA normalized by CarB2, 100%) of CarB
mutants with specific combinatorial mutations are summa-
rized in Table 13. CarB2, CarB4, and CarB5 (CarB4-S22R)
are included as controls. The NORM FFA column indicates
the improvement in CarB enzyme, with lower values indicat-
ing the best improvement. The fold improvement (X-FIOC)
of control (CarB2) is also shown. All mutations listed are
relative to the polypeptide sequence of CarB wt (SEQ ID
NO:7). For example, CarB1 has A535S mutation, and the
CarBDead (a catalytically inactive CarB enzyme) carries
S693A mutation which destroys the phosphopantetheine
attachment site.

Novel CarB Variants for Improved Fatty Alcohol Produc-
tion in Bioreactors:

The purpose of identifying novel CarB variants listed in
Table 13 is to use them for improved fatty alcohol production.
The top CarB variant (P06B6-S3R, E20R, S22R, F288G,
Q473H, AS535S, R873S, S927G, M930R, L1128W) from
Table 13 carries a spontaneous mutation (wild type AGC to
AGA) at position 3. Both PO6B6 CarB variants, namely
CarB7 (amino acid R by AGA at position 3-S3R, E20R,
S22R, F288G, Q473H, A535S, R873S, S927G, MI30R,
L1128W), and CarB8 (wild type amino acid S by AGC at
position 3—E20R, S22R, F288G, Q473H, A535S, R873S,
S927G, M930R, [L1128W) were made and cloned into the
low copy number fatty alcohol production plasmid backbone
pCL1920 to generate the following fatty alcohol operons
differing only in CarB. The translation initiation codon
(GTG) for all CarB variants (CarB2, CarB7, and carB8) was
reverted to ATG to maximize expression.



US 9,340,801 B2

51
pCL1920_P,, carB2_tesA_alrAadpl_fabB[A329G]_
fadR -
pCL1920_P;p carB7_tesA_alrAadpl_fabB[A329G]_
fadR
pCL1920_P;p carB8_tesA_alrAadpl_fabB[A329G]_
fadR
The above described plasmids were transformed into a
V668 based strain with one copy of chromosomal TE, and the
resulted strains were screened in bioreactors as described in
Example 4. The improvement (measured by % fatty alcohols
in the bioreactor fermentation product) of CarB7 and CarB8
over CarB2 was shown in FIG. 16. The order of activity is
CarB7>CarB8>CarB2. The position 3 mutation of CarB7
(AGC to an AGA R rare codon) conferred higher activity than
CarB8, in addition, SDS-PAGE analysis of total soluble pro-
teins revealed higher expression of CarB7 than CarB8 and
CarB2. The expression levels of CarB2 and CarB8 were simi-
lar. This is consistent with the CarB60 data described in
EXAMPLE 6, both the position 3 AGA R rare codon mutation
and the CarB60 tag at its N-terminus can improve CarB
expression. It is understood that the CarB7 and CarB8 will
perform better than CarB2 in strains with increased free fatty
acids flux by either engineering the host strains and/or engi-
neering the other components of the fatty alcohol production
operon.

TABLE 13
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All methods described herein can be performed in any
suitable order unless otherwise indicated herein or otherwise
clearly contradicted by context. The use of any and all
examples, or exemplary language (e.g., “such as”) provided
herein, is intended merely to better illuminate the disclosure
and does not pose a limitation on the scope of the disclosure
unless otherwise claimed. No language in the specification
should be construed as indicating any non-claimed element as
essential to the practice of the disclosure. It is to be under-
stood that the terminology used herein is for the purpose of
describing particular embodiments only, and is not intended
to be limiting. Preferred embodiments of this disclosure are
described herein. Variations of those preferred embodiments
may become apparent to those of ordinary skill in the art upon
reading the foregoing description. The inventors expect
skilled artisans to employ such variations as appropriate, and
the inventors intend for the disclosure to be practiced other-
wise than as specifically described herein. Accordingly, this
disclosure includes all modifications and equivalents of the
subject matter recited in the claims appended hereto as per-
mitted by applicable law. Moreover, any combination of the
above-described elements in all possible variations thereofis
encompassed by the disclosure unless otherwise indicated
herein or otherwise clearly contradicted by context.

Summary of CarB Variants Identified from Combinatorial Library in

Dual-Plasmid

system.

Mutants NORM FFA (%) X-FIOC Mutations

PO6B6 16.5 6.06 S3R, E20R, S22R, F288G, Q473H, A5358S, R&738S, $927G, M930R, L1128W
P13A3 23.9 4.18 DI8R, E20R, S22R, F288G, Q4731, A5358, $927G, M930K, L1128W
P0O2A2 26.5 3.77 E20R, S22R, F288G, Q4731, A5358, R827C, V926E, S927K, M930R

PO5SH3 26.7 3.75 DI8R, E20R, 288G, Q4731, A535S, R827C, V926E, M930K, L1128W
P10F10 31.9 3.13 E20R, S22R, F288G, Q473H, A5358S, R827C, V9264, S$927K, MI30R
Po1C12 34.2 2.92  E20R, S22R, F288G, Q473H, A535S, R827C

P03B1 36.9 2.71 E20R, S22R, F288G, Q4731, A5358, R827C, M930R

POGE4 36.9 2.71 E20R, S22R, F288G, Q4731, A5358, I870L, $927G, M930R

P14C6 374 2.67 E20R, S22R, F288G, Q4731, A5358, I870L, S927G

PO5F10 40.4 2.48 DI8R, E20R, S22R, F288G, Q4731, A535S, R827C, I870L, V926 A, S927G
P0O6C8 40.8 2.45 E20R, S22R, F288G, Q473H, A535S, R827C, I870L, L1128W

P15E4 40.8 2.45 DI8R, E20R, S22R, F288G, Q473H, A5358, R827C, I870L, S927G, L1128W
PO5SH7 40.9 2.44  E20R, S22R, F288G, Q4731, A5358, R827C, I870L, 927G, L1128W

P15A6 41 2.44 E20R, S22R, F288G, Q4731, A5358, R827C, I870L, S927G, M930K, L1128W
PORF5 41.2 2.43 E20R, S22R, F288G, Q473H, A5358, I870L, $927G, M930K

P14C7 41.3 2.42  E20R, F288G, Q4731, A535S, I870L, M930K

P16H10 42.1 2.38 E20R, S22R, F288G, Q473H, A5358, $927G, M930K, L1128W

P16A1 44.1 2.27 DI8R, E20R, S22R, F288G, Q4731, A5358, 927G, L1128W

P14H4 44.2 2.26  E20R, S22R, F288G, Q4731, A5358, R827C, I870L, S927G

P15C1 46.5 2.15 DI8R, E20R, S22R, F288G, Q4731, A535S, R827C, I870L, §927G, L1128W
P16ES 47.2 2.12  DI8R, E20R, S22R, F288G, Q4731, A5358S, §927G, M930R, L1128W
P15A3 47.2 2.12  E20R, S22R, F288G, Q473H, A5358, V926E, $927G, M930R

PO5A2 524 1.91 E20R, S22R, F288G, Q473H, A535S, R827C, I870L, V926A, L1128W
CarB2 100 1 E20R, F288G, Q4731, A5358

CarB4 77.8 1.29 E20R, F288G, Q473H, A535S, R827A, §927G

CarB5 48.9 2.04 E20R, S22R, F288G, Q473H, A535S, R827A, §927G

CarB1 ND A5358

CarB wt ND SEQID NO: 7

CarBDead ND S693A
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TABLE 14

Sequences

SEQ

ID NO Description

Sequence

1

6

cat-loxP-T5
(in front of
iFAB138)

T5 (in front
of iFAB138)

AlrA
Acinetobacter
sp. M-1
AlrAadpl

vyjgB

NRRL 5646

CAR

TTGTCCATCTTTATATAATTTGGGGGTAGGGTGTTCTTTATGTAAAAARAAAC
gttt TAGGATGCATATGGCGGCCGCataacttegtataGCATACATtatacy
aagttaTCTAGAGTTGCATGCCTGCAGGtccgettattatcacttattcagyg
cgtagchaccaggcgtttaagggcaccaataactgecttaaaaaaattacge
ccegecctgecactcategcagtactgttgtaattcattaagcattetgecyg
acatggaagccatcacaaacggcatgatgaacctgaatcgecageggeatca
geaccttgtcegecttgegtataatatttgeccatggtgaaaacgggggegaa
gaagttgtccatattggccacgtttaaatcaaaactggtgaaactcacccag
ggattggctgagacgaaaaacatattctcaataaaccctttagggaaatagy
ccaggttttcaccgtaacacgecacatcttgcegaatatatgtgtagaaactyg
ccggaaategtegtggtattcactecagagegatgaaaacgtttcagtttge
tcatggaaaacggtgtaacaagggtgaacactatcccatatcaccagetcac
cgtetttecattgccatacggaattecggatgageattcatcaggegggcaag
aatgtgaataaaggccggataaaacttgtgettatttttetttacggtettt
aaaaaggccgtaatatccagectgaacggtetggttataggtacattgagcaa
ctgactgaaatgcctcaaaatgttetttacgatgecattgggatatatcaac
ggtggtatatccagtgatttttttctecattttagettecttagetectgaa
aatctcgataactcaaaaaatacgcccggtagtgatcettatttcattatggt
gaaagttggaacctcttacgtgccgatcaacgtcetcattttegecaaaagtt
ggcccagggcettececggtatcaacagggacaccaggatttatttattetgeg
aagtgatcttcecegtcacaggtatttattcGACTCTAGataacttegtataGe
ATACATTATACGAAGTTATGGATCCAGCTTATCGATACCGTCaaacAAATCA
TAAAAAATTTATTTGCTTTcaggaaaatttttctgTATAATAGATTCAATTG
CGATGACGACGAACACGCACCTGCAGGAGGAGACCAATGATCATCAAACCTA
AAATTCGTGGATTTATC

TTGTCCATCTTTATATAATTTGGGGGTAGGGTGTTCTTTATGTAAAAARAAAC
gttt TAGGATGCATATGGCGGCCGCataacttcgtataGCATACATTATACG
AAGTTATGGATCCAGCTTATCGATACCGTCaaacAAATCATAAAAAATTTAT
TTGCTTTcaggaaaatttttctgTATAATAGATTCAATTGCGATGACGACGA
ACACGCACCTGCAGGAGGAGACCAATGATCATCAAACCTAAAATTCGTGGAT
TTATC

MSNHQIRAYAAMQAGEQVVPYQFDAGELKAHQVEVKVEYCGLCHSDLSVINN
EWQSSVYPAVAGHEIIGTIIALGSEAKGLKLGQRVGIGWTAETCQACDPCIG
GNQVLCTGEKKATI IGHAGGFADKVRAGWQWVIPLPDDLDPESAGPLLCGGI
TVLDPLLKHKIQATHHVGVIGIGGLGHIAIKLLKAWGCEI TAFSSNPDKTEE
LKANGADQVVNSRDAQATIKGTRWKLIILSTANGTLNVKAYLNTLAPKGSLHF
LGVTLEPIPVSVGAIMGGAKSVTSSPTGSPLALRQLLOQFAARKNIAPQVELF
PMSQLNEAIERLHSGQARYRIVLKADFD

MATTNVIHAYAAMOAGEALVPYSFDAGELQPHQVEVKVEYCGLCHSDVSVLN
NEWHSSVYPVVAGHEVIGTITQLGSEAKGLKIGQRVGIGWTAESCQACDQCIT
SGQQVLCTGENTATIIGHAGGFADKVRAGWQWVIPLPDELDPTSAGPLLCGG
ITVFDPILKHQIQATHHVAVIGIGGLGHMAIKLLKAWGCEITAFSSNPNKTD
ELKAMGADHVVNSRDDAEIKSQQGKFDLLLS TVNVPLNWNAYLNTLAPNGTF
HFLGVVMEPIPVPVGALLGGAKSLTASPTGSPAALRKLLEFAARKNIAPQIE
MY

atgTCGATGATAAAAAGCTATGCCGCAAAAGAAGCGGGCGGCGAACTGGAAG
TTTATGAGTACGATCCCGGTGAGCTGAGGCCACAAGATGTTGAAGTGCAGGT
GGATTACTGCGGGATCTGCCATTCCGATCTGTCGATGATCGATAACGAATGG
GGATTTTCACAATATCCGCTGGTTGCCGGGCATGAGGTGATTGGGCGCGTGG
TGGCACTCGGGAGCGCCGCGCAGGATAAAGGTTTGCAGGTCGGTCAGCGTGT
CGGGATTGGCTGGACGGCGCGTAGCTGTGGTCACTGCGACGCCTGTATTAGC
GGTAATCAGATCAACTGCGAGCAAGGTGCGGTGCCGACGATTATGAATCGCG
GTGGCTTTGCCGAGAAGTTGCGTGCGGACTGGCAATGGGTGATTCCACTGCC
AGAAAATATTGATATCGAGTCCGCCGGGCCGCTGTTGTGCGGCGGTATCACG
GTCTTTAAACCACTGTTGATGCACCATATCACTGCTACCAGCCGCGTTGGGG
TAATTGGTATTGGCGGGCTGGGGCATATCGCTATAAAACTTCTGCACGCAAT
GGGATGCGAGGTGACAGCCTTTAGTTCTAATCCGGCGAAAGAGCAGGAAGTG
CTGGCGATGGGTGCCGATAAAGTGGTGAATAGCCGCGATCCGCAGGCACTGA
AAGCACTGGCGGGGCAGTTTGATCTCATTATCAACACCGTCAACGTCAGCCT
CGACTGGCAGCCCTATTTTGAGGCGCTGACCTATGGCGGTAATTTCCATACG
GTCGGTGCGGTTCTCACGCCGCTGTCTGTTCCGGCCTTTACGTTAATTGCGG
GCGATCGCAGCGTCTCTGGTTCTGCTACCGGCACGCCTTATGAGCTGCGTAA
GCTGATGCGTTTTGCCGCCCGCAGCAAGGTTGCGCCGACCACCGAACTGTTC
CCGATGTCGAAAATTAACGACGCCATCCAGCATGTGCGCGACGGTAAGGCGC
GTTACCGCGTGGTGTTGAAAGCCGATTTTtga

MAVDSPDERLQRRIAQLFAEDEQVKAARPLEAVSAAVSAPGMRLAQIAATVM
AGYADRPAAGOQRAFELNTDDATGRTSLRLLPRFETITYRELWQRVGEVAAAW
HHDPENPLRAGDFVALLGFTSIDYATLDLADIHLGAVTVPLQASAAVSQLIA
ILTETSPRLLASTPEHLDAAVECLLAGTTPERLVVFDYHPEDDDQRAAFESA
RRRLADAGSLVIVETLDAVRARGRDLPAAPLFVPDTDDDPLALLIYTSGSTG

54
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TABLE 14-continued

Sequences

SEQ

ID NO Description

Sequence

7

10

11

12

13

carB

PPTase 1is
EntD from
E. coli MG1é55

Del-fadE-F

Del-fadE-R

fadE-L2

fadE-R1

iFAB138
(DNA)

TPKGAMY TNRLAATMWQGNSMLQGNSQRVGINLNYMPMSHIAGRISLFGVLA
RGGTAYFAAKSDMSTLFEDIGLVRPTEIFFVPRVCDMVEFQRYQSELDRRSVA
GADLDTLDREVKADLRONYLGGRFLVAVVGSAPLAAEMKTFMESVLDLPLHD
GYGSTEAGASVLLDNQIQRPPVLDYKLVDVPELGYFRTDRPHPRGELLLKAE
TTIPGYYKRPEVTAEIFDEDGFYKTGDIVAELEHDRLVYVDRRNNVLKLSQG
EFVTVAHLEAVFASSPLIRQIFIYGSSERSYLLAVIVPTDDALRGRDTATLK
SALAESIQRIAKDANLQPYEIPRDFLIETEPFTIANGLLSGIAKLLRPNLKE
RYGAQLEQMYTDLATGQADELLALRREAADLPVLETVSRAAKAMLGVASADM
RPDAHFTDLGGDSLSALSFSNLLHEIFGVEVPVGVVVSPANELRDLANYIEA
ERNSGAKRPTFTSVHGGGSEIRAADLTLDKFIDARTLAAADSIPHAPVPAQT
VLLTGANGYLGRFLCLEWLERLDKTGGTLICVVRGSDAAAARKRLDSAFDSG
DPGLLEHYQQLAARTLEVLAGDIGDPNLGLDDATWQRLAETVDLIVHPAALV
NHVLPYTQLFGPNVVGTAEIVRLAITARRKPVTYLSTVGVADQVDPAEYQED
SDVREMSAVRVVRESYANGYGNSKWAGEVLLREAHDLCGLPVAVFRSDMILA
HSRYAGQLNVQDVFTRLILSLVATGIAPYSFYRTDADGNRQRAHYDGLPADF
TAAAITALGIQATEGFRTYDVLNPYDDGISLDEFVDWLVESGHPIQRITDYS
DWFHRFETAIRALPEKQRQASVLPLLDAYRNPCPAVRGAILPAKEFQAAVQT
AKIGPEQDIPHLSAPLIDKYVSDLELLQLL*

MTSDVHDATDGVTETALDDEQSTRRIAELYATDPEFAAAAPLPAVVDAAHKP
GLRLAEILQTLFTGYGDRPALGYRARELATDEGGRTVTRLLPRFDTLTYAQV
WSRVQAVAAALRHNFAQPIYPGDAVATIGFASPDYLTLDLVCAYLGLVSVPL
QHNAPVSRLAPILAEVEPRILTVSAEYLDLAVESVRDVNSVSQLVVFDHHPE
VDDHRDALARAREQLAGKGIAVTTLDAIADEGAGLPAEPIYTADHDQRLAMI
LYTSGSTGAPKGAMYTEAMVARLWTMSFITGDPTPVINVNFMPLNHLGGRIP
ISTAVONGGTSYFVPESDMSTLFEDLALVRPTELGLVPRVADMLYQHHLATV
DRLVTQGADELTAEKQAGAELREQVLGGRVITGFVSTAPLAAEMRAFLDITL
GAHIVDGYGLTETGAVTRDGVIVRPPVIDYKLIDVPELGYFSTDKPYPRGEL
LVRSQTLTPGYYKRPEVTASVFDRDGYYHTGDVMAETAPDHLVYVDRRNNVL
KLAQGEFVAVANLEAVFSGAALVRQIFVYGNSERSFLLAVVVPTPEALEQYD
PAALKAALADSLORTARDAELQSYEVPADFIVETEPFSAANGLLSGVGKLLR
PNLKDRYGQRLEQMYADIAATQANQLRELRRAAATQPVIDTLTQAAATILGT
GSEVASDAHFTDLGGDSLSALTLSNLLSDFFGFEVPVGTIVNPATNLAQLAQ
HIEAQRTAGDRRPSFTTVHGADATEIRASELTLDKFIDAETLRAAPGLPKVT
TEPRTVLLSGANGWLGRFLTLOQWLERLAPVGGTLI TIVRGRDDAAARARLTQ
AYDTDPELSRRFAELADRHLRVVAGDIGDPNLGLTPEIWHRLAAEVDLVVHP
AALVNHVLPYRQLFGPNVVGTAEVIKLALTERIKPVTYLSTVSVAMGIPDFE
EDGDIRTVSPVRPLDGGYANGYGNSKWAGEVLLREAHDLCGLPVATFRSDMI
LAHPRYRGQVNVPDMFTRLLLSLLITGVAPRSFYIGDGERPRAHYPGLTVDF
VAEAVTTLGAQQOREGYVSYDVMNPHDDGI SLDVFVDWLIRAGHPIDRVDDYD
DWVRRFETALTALPEKRRAQTVLPLLHAFRAPQAPLRGAPEPTEVFHAAVRT
AKVGPGDIPHLDEALIDKYIRDLREFGLI*

MVDMKTTHTSLPFAGHTLHFVEFDPANFCEQDLLWLPHYAQLQHAGRKRKTE
HLAGRIAAVYALREYGYKCVPAIGELRQPVWPAEVYGSISHCGTTALAVVSR
QPIGIDIEEIFSVQTARELTDNIITPAEHERLADCGLAFSLALTLAFSAKES
AFKASEIQTDAGFLDYQIISWNKQQVIIHRENEMFAVHWQIKEKIVITLCQH
D*

AAAAACAGCAACAATGTGAGCTTTGTTGTAATTATATTGTAAACATATTGAT
TCCGGGGATCCGTCGACC

ARAACGGAGCCTTTCGGCTCCGTTATTCATTTACGCGGCTTCAACTTTCCTGT
AGGCTGGAGCTGCTTC

CGGGCAGGTGCTATGACCAGGAC

CGCGGCGTTGACCGGCAGCCTGG

TGTAGGCTGGAGCTGCTTCGAAGTTCCTATACTTTCTAGAGAATAGGAACTT
CGGAATAGGAACTTCGAACTGCAGGTCGACGGATCCCCGGAATATTTARATC
ATTTGTACTTTTTGAACAGCAGAGTCGCATTATGGCCACCGAAGCCCAGGCT
GTTGGACAGAACGTAGTTGACTTCTGCATTACGGCCCTCGTTAGGAACGTAA
TCCAGGTCGCATTCCGGATCCGCCTCTTTGTAGCCGATGGTCGGCGGAATGA
AACCCTCTTCAATAGCTTTGGCACAGATAATCGCTTCGACTGCACCGCCAGC
GCCCAGCAGGTGGCCGGTCATGCTCTTGGTGCTAGACACCGGCACTTTGTAG
GCGTATTCACCCAGGACCGTCTTGATCGCTTGGGTTTCGAAGCTGTCATTGT
ACGCCGTGCTCGTACCGTGCGCGTTGATATAGGAAATGTCCTCTGGGCGGAC
ATTATCTTCTTCCATTGCCAGTTTCATTGCACGTGCACCACCTTCACCATTC
GGCGCTGGGCTCGTGATATGATATGCGTCGCAGGTCGCACCATAGCCAACGA
TCTCGGCATAGATTTTGGCACCACGCTTCAGCGCGTGCTCCAACTCTTCCAA
GATAACGATACCGCTGCCCTCGCCCATCACAAAACCGCTGCGATCCTTATCG
AACGGGATGCTGGCGCGCTTCGGGTCCTCAGATTTGGTCACGGCCTTCATCG
AGGCAAAACCCGCCAGGCTCAACGGGGTGATACCTGCTTCGCTACCACCAGA
GATCATAACGTCGCTATAACCAAACTTAATGTTACGGAAGGACTCACCAATG
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TABLE 14-continued

Sequences

SEQ
ID NO Description

Sequence

CTGTTGTTCGCGCTCGCACATGCGGTGACAATGGTCGTGCAAATACCTTTAG
CGCCATAACGAATCGCCAGATTACCGCTTGCCATATTCGCAATGATCATCGG
AATAGTCATAGGGCTCACACGACCCGGACCTTTGGTAATCAGCTTTTCATCC
TGCTTCTCAATGGTGCCGATGCCGCCAATGCCGCTACCAACAATGACGCCGA
AACGATTCTTATCAATCGACTCCAGGTCCAGTTTGCTGTCCTTGATTGCCTC
ATCCGCCGCAACGATCGCAAACTGGCTAAAACGGTCCATACGGTTCGCCTCA
CGCTTGTCGATAAAGTCCTCCGGGGTGAAGTCCTTCACTTCGGCAGCCAGCT
TAACTTTGAAATCGGTTGCGTCAAACGCTTTGATCTTGTCAATGCCACATTT
ACCCTCTTTGATGCTGCACCAGAAGCTATCAGCGTTGTTACCCACCGGCGTC
ACTGCACCAATACCCGTAATGACAACGCGGCGATTCATEEtgttgecctectt
TTAgaacgcggaagtatcectggaacaaaccgactttcaaategtgtgeggta
tagatcaggcgaccatccaccagaacctecacegtecgecaggeccatgatca
ggcgacggtttacgatacgtttgaaatgaatacgataggtgactttectgge
tgtcggcagaacctggeceggtaaattteacttegeccacgeccagagegegg
cctttgecttegeegeccaaccageccaggtagaateccaccaattgecaca
tagcatccagacccagacaaccgggeatcaceggategecgataaagtggea
tccgaagaaccatagatcecggattgatatecageteggettegacatagect
ttgtcgaaattgcegecegttteggteatettaacgacgeggtecatcatca
geatgtteggtgcagggagttgeggecctttagegecaaacagtteaccacy
accagaggcaagaaggtcttettttgtataggattegegtttatctacecatg
ttttatgtaaaccttaaaaTTAAACCATGTACATTCCGCCGTTGACGTGCAG
AGTCTCACCAGTGATGTAACTCGCTTCGTCAGAGGCTAAAAATGCAACCGCA
CTGGCGATTTCCTGAGCGCCGCCGAGGCGACCCGCAGGCACCTGCGCCAGGA
TACCCGCACGCTGATCGTCAGACAGCGCACGCGTCATGTCCGTTTCAATAAA
ACCCGGAGCCACAACATTGACAGTAATACCACGGGACGCAACTTCACGCGCC
AGTGATTTACTGAAACCGATCAGGCCCGCTTTCGCCGCAGCGTAGTTTGCCT
GACCTGCATTTCCCATGGTACCAACCACAGAACCAATAGTGATAATGCGACC
ACAACGCTTTTTCATCATAGCGCGCATTACCGCTTTTGACAGGCGGAAAACG
GATGATAAGTTGGTTTCGATAATATCGTTCCACTCATCATCTTTCATTCGCA
TCAACAGATTATCACGAGTGATACCGGCATTATTAACCAGGATATCCACTTC
ACCAAATTCTGCGCGAATATTTTCCAGAACAGATTCAATAGATGCAGGATCG
GTCACATTCAACATCAAACCTTTCCCGTTAGCACCTAAATAGTCGCTAATGT
TCTTCGCACCATTTTCACTGGTCGCAGTCCCGATAACTTTCGCGCCGCGGGT
AACGAGAGTCTCTGCAATTGCGCGGCCTATGCCACGGCTTGCACCAGTCACC
AGCGCAATCTTTCCTTCAAAGCTCATGGTTTTCCTCTTTTATTGCGTAAGTG
CCGCAGACAGCGCCGCCGGCTCGTTCAGCGCCGACGCTGTCAGGGTGTCGAC
AATACGTTTCGTCAGACCAGTGAGGACTTTACCTGGACCCACTTCATAAAGA
TGTTCAACGCCCTGCGCCGCGATAAATTCCACGCTCTTCGTCCACTGTACCG
GATTGTACAACTGGCGAACCAGCGCATCGCGGATAGCGGCGGCATCGGTTTC
ACATTTCACGTCAACGTTGTTCACTACCGGCACCGTTGGCGCGCTAAAGGTA
ATTTTGGCTAATTCAACCGCCAGCTTATCTGCCGCTGGTTTCATCAGCGCGC
AGTGCGACGGTACGCTCACCGGCAGCGGCAGCGCGCGTTTCGCGCCAGCGGT
TTTACAGGCTGCGCCCGCACGTTCTACCGCCTCTTTATGCCCGGCGATAACC
ACCTGTCCCGGCGAGTTAAAGTTAACCGGCGAAACAACCTGCCCTTCGGCAG
ATTCTTCACAGGCTTTAGCAATAGAGGCATCATCCAGCCCGATGATCGCAGA
CATGCCGCCAGTGCCTTCCGGAACCGCTTCCTGCATGAATTTACCGCGCATT
TCCACCAGACGAACGGCATCAGCAAAGTTGATGACGCCAGCGCAAACCAGCG
CGGAATATTCGCCCAGGCTGTGACCTGCCATTAACGCAGGCATTTTACCGCC
CTGCTGCTGCCAAACGCGCCAAAGCGCGACGGAAGCGGTTAATAACGCCGGC
TGCGTCTGCCAGGTTTTATTCAGTTCTTCCGCTGGACCTTGCTGGGTGAGCG
CCCACAGATCATATCCCAGAGCCGCAGAAGCTTCAGCAAACGTTTCTTCTAC
GATAGGGTAATTTGCCGCCATCTCGGCCAACATCCCAACGCTCTGAGAACCC
TGACCGGGGAACACAAATGCAAATTGCGTCATGTTTAAATCCTTATACTAGA
AACGAATCAGCGCGGAGCCCCAGGTGAATCCACCCCCGAAGGCTTCAAGCAA
TACCAGCTGACCGGCTTTAATTCGCCCGTCACGCACGGCTTCATCCAGCGCG
CACGGCACAGAAGCCGCGGAGGTATTGCCGTGCCTGTCCAGCGTGACGACGA
CATTGTCCATCGACATGCCGAGTTTTTTCGCTGTCGCGCTAATGATACGCAG
GTTAGCCTGATGCGGCACCAGCCAATCGAGTTCTGAGCGATCCAGGTTATTA
GCCGCCAGCGTCTCATCGACAATATGCGCCAGTTCAGTGACCGCCACTTTAA
AGACTTCATTGCCCGCCATTGTCAGGTAAATCGGGTTATCCGGATTTACGCG
ATCGGCATTCGGCAGGGTCAGTAATTCACCGTAACGGCCATCGGCATGAAGA
TGAGTGGAGATAATACCCGGTTCTTCAGAAGCGCTCAGTACGGCCGCGCCTG
CGCCATCGCCGAAAATAATGATCGTACCGCGATCGCCAGGATCGCAAGTGCG
GGCTAATACATCGGAACCGACCACCAGCGCGTGTTTAACCGCGCCGGATTTA
ACGTACTGGTCGGCGATGCTTAACGCGTAGGTGAAACCTGCGCACGCTGCCG
CGACATCAAACGCCGGGCAACCTTTAATACCGAGCATACTTTGAATCTGACA
TGCCGCGCTTGGAAATGCATGCGTTGCTGATGTGGTAGCCACCACAATCAAG
CCAATTTGGTCTTTATCGATCCCCGCCATCTCAATCGCGCGATTCGCAGCGG
TAAAGCCCATCGTCGCGACAGTTTCATTCGGCGCGGCGATATGGCGTTTACG
AATACCTGTACGAGTGACAATCCACTCGTCAGAGGTCTCAACCATTTTTTCC
AGATCGGCGTTAGTCCGCACTTGTTCGGGCAGATAGCTGCCAGTACCAATAA
TCTTCGTATACATGTACGCTCAGTCACTaaaTTACTCGATATCAATCACATC
AAATTCGACTTCTGGATTGACGTCAGCATCGTAATCAATGCCTTCAATGCCA
AAGCCAAACAGCTTGATGAACTCTTCTTTGTACATGTCGTAATCGGTCAGCT
CACGCAGGTTCTCTGTGGTGATTTGTGGCCACAGATCACGGCAGTGCTGCTG
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TABLE 14-continued

60

Sequences

SEQ

ID NO Description

Sequence

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

DG150
DG131
LC277
LC278
DG407
DG4 08

Primerl for
prep of

CarB60

Primer2 for
prep of

CarB60

PET15b-carB
construct (60
nt directly
upstream of
the carB
gene)

carB60
amplified
from
PCL_carBé60
forward
primer

carBé60
amplified
from
PCL_carBé60
reverse
primer

carB60
amplified
from pAH56
forward
primer

carBé60
amplified
from pAH56
reverse
primer

HZ117
primer

DG264
primer

DG263
primer

HZ118
primer

SL59 primer

EG479
primer

AATGTCATCACGCAGTTCCCAGTCATCCAAACGCAGACGATTGTGATCATCC
ACTTCCGGCGCTGAACCATCT

GCAGTTATTGGTGCCCTTAAACGCCTGGTTGCTACGCCTG

GAGCCAATATGCGAGAACACCCGAGAA

CGCTGAACGTATTGCAGGCCGAGTTGCTGCACCGCTCCCGCCAGGCAG

GGAATTGCCACGGTGCGGCAGGCTCCATACGCGAGGCCAGGTTATCCAACG

AATCACCAGCACTAAAGTGCGCGGTTCGTTACCCG

ATCTGCCGTGGATTGCAGAGTCTATTCAGCTACG

GCAATTCCATATGACGAGCGATGTTCACGA

CCGCTCGAGTAAATCAGACCGAACTCGCG

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCG
GCAGCCAT

ACGGATCCCCGGAATGCGCAACGCAATTAATGTaAGTTAGCGC

TGCGTCATCGCCATTGAATTCCTAAATCAGACCGAACTCGCGCAGG

ATTCCGGGGATCCGTCGACC

AATGGCGATGACGCATCCTCACG

ACGGAAAGGAGCTAGCACATGGGCAGCAGCCATCATCAT

GTAAAGGATGGACGGCGGTCACCCGCC

CACGGCGGGTGACCGCCGTCCATCC

TTAATTCCGGGGATCCCTAAATCAGACCGAACTCGCGCAGGTC

CAGCCGTTTATTGCCGACTGGATG

CTGTTTTATCAGACCGCTTCTGCGTTC
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TABLE 14-continued

Sequences

SEQ

ID NO Description

Sequence

33

34

35

36

37

38

39

40

41

Primer

Primer

Primer

Primer

Primer

Primer

carhA

EG58

EG626

DG243

DG210

DG228

DG318

(protein)

FadD9

(protein)

carA (DNa)

GCACTCGACCGGAATTATCG

GCACTACGCGTACTGTGAGCCAGAG

GAGGAATAAACCATGACGAGCGATGTTCACGACGCGACCGACGGC

CTAAATCAGACCGAACTCGCGCAGG

CATGGTTTATTCCTCCTTATTTAATCGATAC

TGACCTGCGCGAGTTCGGTCTGATTTAG

MTIETREDRFNRRIDHLFETDPQFAAARPDEAISAAAADPELRLPAAVKQIL
AGYADRPALGKRAVEFVTDEEGRTTAKLLPRFDTI TYRQLAGRIQAVTNAWH
NHPVNAGDRVAILGFTSVDYTTIDIALLELGAVSVPLQTSAPVAQLQPIVAE
TEPKVIASSVDFLADAVALVESGPAPSRLVVFDYSHEVDDQREAFEAAKGKL
AGTGVVVETITDALDRGRSLADAPLYVPDEADPLTLLIYTSGSTGTPKGAMY
PESKTATMVVQAGSKARWDETLGVMPSITLNFMPMSHVMGRGILCSTLASGG
TAYFAARSDLSTFLEDLALVRPTQLNFVPRIWDMLFQEYQSRLDNRRAEGSE
DRAEAAVLEEVRTQLLGGRFVSALTGSAPISAEMKSWVEDLLDMHLLEGYGS
TEAGAVFIDGQIQRPPVIDYKLVDVPDLGYFATDRPYPRGELLVKSEQMFPG
YYKRPEITAEMFDEDGYYRTGDIVAELGPDHLEYLDRRNNVLKLSQGEFVTV
SKLEAVFGDSPLVRQIYVYGNSARSYLLAVVVPTEEALSRWDGDELKSRISD
SLODAARAAGLQSYEIPRDFLVETTPFTLENGLLTGIRKLARPKLKAHYGER
LEQLYTDLAEGQANELRELRRNGADRPVVETVSRAAVALLGASVTDLRSDAH
FTDLGGDSLSALSFSNLLHEIFDVDVPVGVIVSPATDLAGVAAYIEGELRGS
KRPTYASVHGRDATEVRARDLALGKFIDAKTLSAAPGLPRSGTEIRTVLLTG
ATGFLGRYLALEWLERMDLVDGKVICLVRARSDDEARARLDATFDTGDATLL
EHYRALAADHLEVIAGDKGEADLGLDHDTWQRLADTVDLIVDPAALVNHVLP
YSQMFGPNALGTAELIRIALTTTIKPYVYVSTIGVGQGISPEAFVEDADIRE
ISATRRVDDSYANGYGNS KWAGEVLLREAHDWCGLPVSVFRCDMILADTTYS
GQLNLPDMFTRLMLSLVATGIAPGSFYELDADGNRQRAHYDGLPVEFIAEAT
STIGSQVTDGFETFHVMNPYDDGIGLDEYVDWLIEAGYPVHRVDDYATWLSR
FETALRALPERQRQASLLPLLHNYQQPSPPVCGAMAPTDRFRAAVQDAKIGP
DKDIPHVTADVIVKYISNLOMLGLL*

MSINDQRLTRRVEDLYASDAQFAAASPNEAI TQAIDQPGVALPQLIRMVMEG
YADRPALGQRALRFVTDPDSGRTMVELLPRFETITYRELWARAGTLATALSA
EPAIRPGDRVCVLGFNSVDYTTIDIALIRLGAVSVPLQTSAPVTGLRPIVTE
TEPTMIATSIDNLGDAVEVLAGHAPARLVVFDYHGKVDTHREAVEAARARLA
GSVTIDTLAELIERGRALPATPIADSADDALALLIYTSGSTGAPKGAMYRES
QVMSFWRKSSGWFEPSGYPSITLNFMPMSHVGGRQVLYGTLSNGGTAYFVAK
SDLSTLFEDLALVRPTELCFVPRIWDMVFAEFHSEVDRRLVDGADRAALEAQ
VKAELRENVLGGRFVMALTGSAPISAEMTAWVESLLADVHLVEGYGSTEAGM
VLNDGMVRRPAVIDYKLVDVPELGYFGTDQPYPRGELLVKTQTMFPGYYQRP
DVTAEVFDPDGFYRTGDIMAKVGPDQFVYLDRRNNVLKLSQGEFIAVSKLEA
VFGDSPLVRQIFIYGNSARAYPLAVVVPSGDALSRHGIENLKPVISESLQEV
ARAAGLQSYEIPRDFIIETTPFTLENGLLTGIRKLARPQLKKFYGERLERLY
TELADSQSNELRELRQSGPDAPVLPTLCRAAAALLGSTAADVRPDAHFADLG
GDSLSALSLANLLHEIFGVDVPVGVIVSPASDLRALADHI EAARTGVRRPSF
ASTHGRSATEVHASDLTLDKFIDAATLAAAPNLPAPSAQVRTVLLTGATGFL
GRYLALEWLDRMDLVNGKLICLVRARSDEEAQARLDATFDSGDPYLVRHYRE
LGAGRLEVLAGDKGEADLGLDRVTWQRLADTVDLIVDPAALVNHVLPYSQLF
GPNAAGTAELLRLALTGKRKPYIYTSTIAVGEQIPPEAFTEDADIRAISPTR
RIDDSYANGYANSKWAGEVLLREAHEQCGLPVTVFRCDMILADTSYTGQLNL
PDMFTRLMLSLAATGIAPGSFYELDAHGNRQRAHYDGLPVEFVAEAICTLGT
HSPDRFVTYHVMNPYDDGIGLDEFVDWLNSPTSGSGCTIQRIADYGEWLQRF
ETSLRALPDRQRHASLLPLLHNYREPAKPICGSIAPTDQFRAAVQEAKIGPD
KDIPHLTAAIIAKYISNLRLLGLL*

atgacgatcgaaacgcgcegaagaccgetteaaceggegeattgaccacttgt
tcgaaaccgacccgcagttegecgecgecegteccgacgaggegatcagege
ggctgecgecgatecggagttgegecttectgecgeggtcaaacagattety
geeggetatgeggacegecctgegetgggcaagegegecgtegagttegtea
ccgacgaagaaggccgcaccaccegegaagetectgeccegettegacaceat
cacctaccgtcagetegeaggecggatecaggecgtgaccaatgectggeac
aaccatccggtgaatgeceggtgacegegtggecatectgggtttecaccagtyg
tcgactacacgacgatcgacatcegecctgetegaateggegeegtgteegta
cegetgecagaccagtgegeeggtggeccaactgeagecgategtegecgaga
ccgageccaaggtgategegtegagegtegacttectegeecgacgeagtege
tctegtegagtecgggeccegegeegtegegactggtggtgttegactacage
cacgaggtcgacgatcagegtgaggegttegaggeggecaagggecaageteg
caggcaccggcegtegtegtegagacgatcacegacgecactggacegegggeg
gtcactcgecgacgcacegetetacgtgeccgacgaggecgaceegetgace
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TABLE 14-continued

Sequences

SEQ

ID NO Description

Sequence

42

FadD9

(DNA)

cttecteatctacaccteeggecageaceggeacteccaagggegegatgtace
ccgagtccaagacegecacgatgtggeaggecgggtecaaggeceggtggga
cgagacccteggegtgatgecgtegatcacectgaacttecatgeccatgagt
cacgtcatggggcegeggcatcctgtcageacactegecageggeggaacege
gtacttcgeegecacgcagegacctgtecaccttectggaggacctegecete
gtgeggeccacgcagetcaacttegttectegeatetgggacatgetgttee
aggagtaccagagccgectegacaacegecgegecgagggatccgaggaceg
agccgaagccgcagtect cgaagaggtecgeacccaactgeteggegggega
ttcegttteggeectgaceggateggeteccateteggeggagatgaagaget
gggtcgaggacctgctegacatgeatetgetggagggetacggetecacega
ggceggegeggtgtteatcgacgggecagatcecagegecegecggteategac
tacaagctggtcegacgtgeccgateteggetacttegecacggaceggecct
accegegeggcegaacttetggtcaagtecgageagatgtteceeggetacta
caagcgtccggagatcaccegecgagatgttegacgaggacgggtactacege
accggcgacategtegecgagetegggeccegaccatetegaatacctegace
gecgcaacaacgtgctgaaactgtegecagggegaattegtcacggtetecaa
getggaggeggtgtteggegacageccectggtacgecagatctacgtetac
ggcaacagcgegeggtectatetgetggeggtegtggt cccgaccgaagagyg
cactgtcacgttgggacggtgacgaactcaagtegegecatcagegacteact
gecaggacgcggcacgagecgecggattgecagtegtatgagatecegegtgac
ttcctegtegagacaacaccttteacgetggagaacggectgetgaceggta
tcegcaagetggeceggecgaaactgaaggegeactacggegaacgectega
acagctctacaccgacctggecgaggggecaggecaacgagttgegegagttyg
cgcegeaacggagecgaceggecegtggt cgagacegt cageegegecgegg
tcgecactgeteggtgecteegtcacggatetgeggtecgatgegeactteac
cgatctgggtggagattegttgteggecttgagettetegaacetgttgeac
gagatcttcegatgtcgacgtgecggteggegteategtcageceggecacey
acctggcaggcegtegeggectacategagggegaactgegeggetecaageg
cceccacatacgegtcggtgeacgggegegacgecacegaggtgegegegegt
gatctegecctgggcaagttcategacccaagacectgtecgeegegecggy
tctgeegegttegggeaccgagateegeacegtgetgetgaceggegecace
gggttectgggecgcetatetggegetggaatggetggagegeatggacctgyg
tggacggcaaggtgatctgectggtgegegecegeagegacgacgaggeceg
ggcgegtetggacgecacgttegacaceggggacgegacactgetegageac
taccgegegetggecagecgatcacctegaggtgategeeggtgacaagggeg
aggccgatctgggtctegaccacgacacgtggecagegactggecgacacegt
cgatctgategtegatceeggecgecctggtecaatcacgtectgeegtacage
cagatgttcggacccaatgegeteggecacegecgaactecateeggategege
tgaccaccacgatcaagecgtacgtgtacgtetegacgateggtgtgggaca
gggcatctceecccgaggegttegtegaggacgecgacatecgegagatcage
gegacgegecgggt cgacgactegtacgecaacggcetacggcaacagcaagt
gggecggegaggtectgetgegggaggegeacgactggtgtggtetgeeggt
ctceggtgttecgetgegacatgatectggecgacacgacctactegggteag
ctgaacctgecggacatgttcaceegectgatgetgagectegtggegaceg
geatcgegeccggttegttetacgaactegatgeggacggcaacceggcageyg
cgcccactacgacgggetgecegtggagtteategecgaggegatetecace
atcggctegecaggtcaccegacggattegagacgttecacgtgatgaaceegt
acgacgacggcateggectegacgagtacgtggactggetgategaggecgg
ctacccegtgcacegegtegacgactacgecacctggetgagecggttegaa
accgcactgegggecctgecggaacggcaacgtcaggectegetgetgecge
tgctgcacaactatcagecagecctecacegecegtgtgeggtgecatggeace
caccgaccggtteegtgecgeggtgeaggacgegaagateggececgacaag
gacattcegecacgtcacggecgacgtgategtcaagtacatcagcaacctge
agatgctcggattgctgtaa

atgtcgatcaacgatcagcgactgacacgecgegtegaggacctatacgeca
gegacgeccagttegecgecgecagteccaacgaggegatcacccaggegat
cgaccageceggggtegegettecacageteateegtatggtcatggaggge
tacgccgateggeceggeacteggecagegtgegeteegettegtecacegace
ccgacageggecgcaccatggtegagetactgeegeggttegagacecatcac
ctaccgcgaactgtgggecegegecggeacattggecacegegttgageget
gagccegegatceggecgggegacegggtttgegtgetgggettcaacageyg
tcgactacacaaccatcgacatcegegetgateeggttgggegeegtgteggt
tccactgcagaccagtgegecggtecacegggttgegecegategtecacegag
accgagccgacgatgategecaccageategacaatettggegacgeegteg
aagtgctggecggtcacgecceggeceggetggtegtattegattaccacgg
caaggttgacacccaccgegaggecgtegaagecgeccgageteggttggee
ggcteggtgaccatcgacacacttgecgaactgatcgaacgeggcagggege
tgceggecacacccattgecgacagegecgacgacgegetggegetgetgat
ttacacctcgggtagtaccggegacccaaaggegecatgtategegagagece
aggtgatgagcttetggegcaagtegagtggetggttegageegageggtta
ccectegatcacgetgaactteatgecgatgagecacgtegggggeegtecag
gtgctctacgggacgetttecaacggeggtacegectacttegtegecaaga
gegacctgtegacgetgttegaggacctegecctggtgeggeccacagaatt
gtgcttegtgecgegeatectgggacatggtgttegecagagttecacagegag
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TABLE 14-continued

Sequences

SEQ

ID NO Description

Sequence

43

carB

(DNA)

gtcgaccgeegettggtggacggegecgategageggegetggaagegeagy
tgaaggccgagetgegggagaacgtgeteggeggacggtttgtecatggeget
gaccggtteegegecgatcteegetgagatgacggegtgggtegagtecety
ctggccgacgtgcatttggtggagggttacggetecacegaggeegggatgg
tcctgaacgacggcatggtgeggegeceegeggtgategactacaagetggt
cgacgtgeccgagetgggetactteggeacegatecageectacececegggge
gagcetgetggtcaagacgcaaaccatgttecceggetactaccagegecegy
atgtcaccgcecgaggtgttegaceecegacggettetaceggaceggggacat
catggccaaataggccccgaccagttegtetacectegacegecgcaacaacg
tgctaaagctcteccagggegagttecategeegtgtegaagetegaggeggt
gtteggegacageccgetggtecgacagatettecatetacggcaacagtgee
cgggectaccegetggeggtggttgtecegteeggggacgegetttetegee
atggcatcgagaatctcaagcccegtgatcagegagtecctgeaggaggtage
gagggeggeeggectgcaatectacgagattecacgegacttcatcategaa
accacgccgttcaccectggagaacggectgetecaceggeateegecaagetygg
cacgcccgcagttgaagaagttctatggegaacgtetegageggetetatac
cgagctggecgatagecaatccaacgagetgegegagetgeggecaaageggt
ccegatgegecggtgettecgacgetgtgeegtgecgeggetgegttgetgg
getetacegetgeggatgtgeggecggacgegeacttegecgacctgggtgy
tgactecgceteteggegetgtegttggecaacctgetgecacgagatettegge
gtcgacgtgecggtgggtgtcattgtcageceggcaagegacctgegggeea
tggccgaccacategaagcagegegeaceggegtecaggegacecagettege
ctcgatacacggtegetecgegacggaagtgeacgecagegacctecacgetyg
gacaagttcatcgacgctgecacectggecgecagececgaacctgecggeac
cgagcgeccaagtgegecacegtactgetgaceggegecaceggetttttggg
tcgctacctggegetggaatggetegacegeatggacetggtcaacggeaag
ctgatctgectggtecegegecagatccgacgaggaagecacaageeeggetygg
acgcgacgttcegatageggegaccegtatttggtgeggecactacegegaatt
gggegecggecgectegaggtgetegecggegacaagggegaggecgacctyg
ggcetggacegggtcacctggeageggcetagecgacacggtggacetgateg
tggacccegeggecctggteaaccacgtgetgeegtatagecagetgttegg
cccaaacgceggegggcaccegecgagttgetteggetggegetgaceggeaag
cgcaagccatacatctacacctegacgategecgtgggegagecagateecge
cggaggcgttcacegaggacgecgacateegggecatcagecegacecgeag
gatcgacgacagctacgecaacggctacgegaacagcaagtgggeeggegag
gtgctgetgegegaagetcacgagcagtgeggectgeeggtgacggtettee
getgegacatgatcectggecgacaccagetatacceggtcagetcaacetgee
ggacatgttcacceggctgatgetgagectggecgetaceggeategecacea
ggttegttetatgagetggatgegcacggcaateggcaacgegeccactatyg
acggcttgceggtegaattegtegeagaagecatttgecacecttgggacaca
tagcceggaccegttttgtcacctaccacgtgatgaaccectacgacgacgge
atcgggctggacgagttegtcegactggetcaactecccaactagegggtecg
gttgcacgatccageggategecgactacggegagtggetgeageggttega
gacttegetgegtgecttgecggategecagegecacgectaegetgetgeea
ttgctgcacaactaccgagagectgeaaagecgatatgegggtcaategege
ccaccgaccagttecgegetgecgtccaagaagegaaaateggtecggacaa
agacattccgcacctecacggeggegatcategegaatacatcagecaacetge
gactgctegggetgetgtga

atgaccagcgatgttcacgacgccacagacggegtcacegaaacegeacteg
acgacgagcagtcgaccegecgcategecgagetgtacgecacegateecga
gttegecgeegecgcacegttgecegeegtggt cgacgeggaegcacaaaced
gggetgeggetggeagagatecctgcagacectgttcaceggetacggtgace
geceggegetgggatacegegecegtgaactggecacegacgagggegggeyg
caccgtgacgegtetgetgecgeggttegacacectecacctacgeccaggtyg
tggtcgegegtgcaageggtgecgeggecctgegecacaacttegegeagece
gatctaccceggegacgecgtegegacgateggtttegegagtecegattac
ctgacgctggatctegtatgegectacctgggectegtgagtgtteegetge
agcacaacgcaccggtcagecggetegeceegatectggecgaggtegaace
geggatcectcacegtgagegecgaatacctegacctegeagtegaateegty
cgggacgtcaacteggtgtegeagetegtggtgttegaccatcaccecgagg
tcgacgaccaccgegacgcactggecegegegegtgaacaactegeeggeaa
gggcatcgeegtcaccaccetggacgegategecgacgagggegeaegggetyg
ceggecgaaccgatctacaccegecgaccatgatcagegectegegatgatee
tgtacacctegggtteacceggegeacccaagggtgegatgtacacegaggeg
atggtggcgeggctgtggaccatgtegtteatcacgggtgaceccacgecgg
tcatcaacgtcaacttcatgecgetcaaccacctgggegggegeatececat
ttccaccgecgtgcagaacggtggaaccagttacttegtaceggaateegac
atgtccacgctgttegaggatetegegetggtgegeccgacegaacteggece
tggttcegegegtegecgacatgetetaccagaccacctegecacegtegac
cgcctggteacgcagggegecgacgaactgacegecgagaagecaggeeggtyg
ccgaactgegtgagcaggtgeteggeggacgegtgatcaceggattegteag
caccgcaccgctggecgeggagatgagggegttectegacatcacectggge
gcacacatcgtegacggetacgggcetcacegagaceggegecgtgacacgeyg
acggtgtgatcgtgeggecaceggtgategactacaagetgategacgttece
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TABLE 14-continued

Sequences

SEQ

ID NO Description

Sequence

44

carB60
(DNA&)

cgaactcggctacttecagecacegacaagecctaceegegtggegaactgetyg
gtcaggtegecaaacgetgactecegggtactacaagegeccegaggteacey
cgagcgtcettegacegggacggctactaccacaceggegacgteatggecga
gaccgcaccegaccacctggtgtacgtggacegtegcaacaacgtectcaaa
ctegegcagggegagttegtggeggtegecaacctggaggeggtgtteteeg
gegeggegetggtgegecagatettegtgtacggcaacagegagegeagttt
cecttetggeegtggtggt cccgacgecggaggegetegageagtacgateeg
geegegetcaaggecgegetggecgactegetgeagegeacegecacgegacy
ccgaactgcaatectacgaggtgecggecgattteategtegagacegagece
gttcagegeegecaacgggetgetgtegggtgt cggaaaactgetgeggeea
aacctcaaagaccgctacgggcagegectggageagatgtacgeegatateg
cggccacgcaggecaaccagttgegegaatgeggegegeggecgecacacaa
ceggtgatcegacacccteacccaggecgetgecacgatecteggecaceggga
gegaggtggeatccgacgeccacttcaccgacctgggeggggattecectgte
ggcgcetgacactttcegaacctgctgagegatttetteggtttegaagttece
gteggecaccategtgaacceggecaccaacctegeccaactegeccageaca
tcgaggcegcagegcaccegegggtgacegeaggecgagtttcaccacegtgea
cggegeggacgcecaccegagateegggegagtgagetgacectggacaagtte
atcgacgccgaaacgetecgggecgeacegggtetgeccaaggtcaccaceg
agccacggacggtgttgetetegggegecaacggetggetgggeeggttect
cacgttgcagtggcetggaacgectggecacctgteggeggeacecteatcacyg
atcgtgeggggecgegacgacgeaegaeggeccgegeacggetgacecaggect
acgacaccgatcccgagttgtecegecgettegecgagetggecgacegeca
cctgegggtggtegecggtgacateggegacecgaatetgggectecacacee
gagatctggecaccggetegecgecgaggtcgacctggtggtgeateeggeay
cgctggtcaaccacgtgetecectaceggeagetgtteggecccaacgtegt
gggcacggccgaggtgatcaagetggecctcaccgaacggatcaagecegte
acgtacctgtccaccegtgteggtggecatggggateccegacttegaggagg
acggcgacatceggaccegtgageceggtgegecegetegacggeggatacge
caacggctacggcaacagcaagtgggecggegaggtgetgetgeagggagge
ccacgatcetgtgegggetgecegtggegacgttecgeteggacatgatectyg
gegeatcegegetacegeggtecaggtcaacgtgecagacatgttcacgegac
tcectgttgagectettgatcaceggegtegegeegeggtegttetacategg
agacggtgagcgeccgegggegcactaceceeggectgacggtegatttegtyg
gecgaggeggtcacgacgctcggegegeageagegegagggatacgtgtect
acgacgtgatgaacccgcacgacgacgggatctecctggatgtgttegtgga
ctggctgatcecegggegggecat cegategacegggtegacgactacgacgac
tgggtgcgteggttegagacegegttgacegegettecegagaagegeegeg
cacagaccgtactgeegetgetgeacgegttecgegetecgeaggeacegtt
gegeggegeacccgaaccecacggaggtgttecacgecgeggtgegeacegeyg
aaggtgggcccgggagacatcccgeacctegacgaggegetgategacaagt
acatacgcgatctgegtgagtteggtetgatetga

atgggcagcagccatcatcatcatecatcacageageggectggtgeegegeg
gcagccatATGACGAGCGATGTTCACGACGCGACCGACGGCGTTACCGAGAC
TGCACTGGATGATGAGCAGAGCACTCGTCGTATTGCAGAACTGTACGCAACG
GACCCAGAGTTCGCAGCAGCAGCTCCTCTGCCGGCCGTTGTCGATGCGGCGC
ACAAACCGGGCCTGCGTCTGGCGGAAATCCTGCAGACCCTGTTCACCGGCTA
CGGCGATCGTCCGGCGCTGGGCTATCGTGCACGTGAGCTGGCGACGGACGAA
GGCGGTCGTACGGTCACGCGTCTGCTGCCGCGCTTCGATACCCTGACCTATG
CACAGGTGTGGAGCCGTGTTCAAGCAGTGGCTGCAGCGTTGCGTCACAATTT
CGCACAACCGATTTACCCGGGCGACGCGGTCGCGACTATCGGCTTTGCGAGC
CCGGACTATTTGACGCTGGATCTGGTGTGCGCGTATCTGGGCCTGGTCAGCG
TTCCTTTGCAGCATAACGCTCCGGTGTCTCGCCTGGCCCCGATTCTGGCCGA
GGTGGAACCGCGTATTCTGACGGTGAGCGCAGAATACCTGGACCTGGCGGTT
GAATCCGTCCGTGATGTGAACTCCGTCAGCCAGCTGGTTGTTTTCGACCATC
ATCCGGAAGTGGACGATCACCGTGACGCACTGGCTCGCGCACGCGAGCAGCT
GGCCGGCAAAGGTATCGCAGTTACGACCCTGGATGCGATCGCAGACGAAGGC
GCAGGTTTGCCGGCTGAGCCGATTTACACGGCGGATCACGATCAGCGTCTGG
CCATGATTCTGTATACCAGCGGCTCTACGGGTGCTCCGAAAGGCGCGATGTA
CACCGAAGCGATGGTGGCTCGCCTGTGGACTATGAGCTTTATCACGGGCGAC
CCGACCCCGGTTATCAACGTGAACTTCATGCCGCTGAACCATCTGGGCGGTC
GTATCCCGATTAGCACCGCCGTGCAGAATGGCGGTACCAGCTACTTCGTTCC
GGAAAGCGACATGAGCACGCTGTTTGAGGATCTGGCCCTGGTCCGCCCTACC
GAACTGGGTCTGGTGCCGCGTGTTGCGGACATGCTGTACCAGCATCATCTGG
CGACCGTGGATCGCCTGGTGACCCAGGGCGCGGACGAACTGACTGCGGAAAA
GCAGGCCGGTGCGGAACTGCGTGAACAGGTCTTGGGCGGTCGTGTTATCACC
GGTTTTGTTTCCACCGCGCCGTTGGCGGCAGAGATGCGTGCTTTTCTGGATA
TCACCTTGGGTGCACACATCGTTGACGGTTACGGT CTGACCGAAACCGGTGC
GGTCACCCGTGATGGTGTGATTGTTCGTCCTCCGGTCATTGATTACAAGCTG
ATCGATGTGCCGGAGCTGGGTTACTTCTCCACCGACAAACCGTACCCGCGTG
GCGAGCTGCTGGTTCGTAGCCAAACGTTGACTCCGGGTTACTACAAGCGCCC
AGAAGTCACCGCGTCCGTTTTCGATCGCGACGGCTATTACCACACCGGCGAC
GTGATGGCAGAAACCGCGCCAGACCACCTGGTGTATGTGGACCGCCGCAACA
ATGTTCTGAAGCTGGCGCAAGGTGAATTTGTCGCCGTGGCTAACCTGGAGGC
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TABLE 14-continued

Sequences

SEQ

ID NO Description

Sequence

CGTTTTCAGCGGCGCTGCTCTGGTCCGCCAGATTTTCGTGTATGGTAACAGC
GAGCGCAGCTTTCTGTTGGCTGTTGTTGTCCCTACCCCGGAGGCGCTGGAGC
AATACGACCCTGCCGCATTGAAAGCAGCCCTGGCGGATTCGCTGCAGCGTAC
GGCGCGTGATGCCGAGCTGCAGAGCTATGAAGTGCCGGCGGACTTCATTGTT
GAGACTGAGCCTTTTAGCGCTGCGAACGGTCTGCTGAGCGGTGTTGGCAAGT
TGCTGCGTCCGAATTTGAAGGATCGCTACGGTCAGCGTTTGGAGCAGATGTA
CGCGGACATCGCGGCTACGCAGGCGAACCAATTGCGTGAACTGCGCCGTGCT
GCGGCTACTCAACCGGTGATCGACACGCTGACGCAAGCTGCGGCGACCATCC
TGGGTACCGGCAGCGAGGTTGCAAGCGACGCACACTTTACTGATTTGGGCGG
TGATTCTCTGAGCGCGCTGACGTTGAGCAACTTGCTGTCTGACTTCTTTGGC
TTTGAAGTCCCGGTTGGCACGATTGTTAACCCAGCGACTAATCTGGCACAGC
TGGCGCAACATATCGAGGCGCAGCGCACGGCGGGTGACCGCCGTCCATCCTT
TACGACGGTCCACGGTGCGGATGCTACGGAAATCCGTGCAAGCGAACTGACT
CTGGACAAATTCATCGACGCTGAGACTCTGCGCGCAGCACCTGGTTTGCCGA
AGGTTACGACTGAGCCGCGTACGGTCCTGTTGAGCGGTGCCAATGGTTGGTT
GGGCCGCTTCCTGACCCTGCAGTGGCTGGAACGTTTGGCACCGGTTGGCGGT
ACCCTGATCACCATTGTGCGCGGTCGTGACGATGCAGCGGCACGTGCACGTT
TGACTCAGGCTTACGATACGGACCCAGAGCTGTCCCGCCGCTTCGCTGAGTT
GGCGGATCGCCACTTGCGTGTGGTGGCAGGTGATATCGGCGATCCGAATCTG
GGCCTGACCCCGGAGATTTGGCACCGTCTGGCAGCAGAGGTCGATCTGGTCG
TTCATCCAGCGGCCCTGGTCAACCACGTCCTGCCGTACCGCCAGCTGTTTGG
TCCGAATGTTGTTGGCACCGCCGAAGTTATCAAGTTGGCTCTGACCGAGCGC
ATCAAGCCTGTTACCTACCTGTCCACGGTTAGCGTCGCGATGGGTATTCCTG
ATTTTGAGGAGGACGGTGACATTCGTACCGTCAGCCCGGTTCGTCCGCTGGA
TGGTGGCTATGCAAATGGCTATGGCAACAGCAAGTGGGCTGGCGAGGTGCTG
CTGCGCGAGGCACATGACCTGTGTGGCCTGCCGGTTGCGACGTTTCGTAGCG
ACATGATTCTGGCCCACCCGCGCTACCGTGGCCAAGTGAATGTGCCGGACAT
GTTCACCCGTCTGCTGCTGTCCCTGCTGATCACGGGTGTGGCACCGCGTTCC
TTCTACATTGGTGATGGCGAGCGTCCGCGTGCACACTACCCGGGCCTGACCG
TCGATTTTGTTGCGGAAGCGGTTACTACCCTGGGTGCTCAGCAACGTGAGGG
TTATGTCTCGTATGACGTTATGAATCCGCACGATGACGGTATTAGCTTGGAT
GTCTTTGTGGACTGGCTGATTCGTGCGGGCCACCCAATTGACCGTGTTGACG
ACTATGATGACTGGGTGCGTCGTTTTGAAACCGCGTTGACCGCCTTGCCGGA
GAAACGTCGTGCGCAGACCGTTCTGCCGCTGCTGCATGCCTTTCGCGCGCCA
CAGGCGCCGTTGCGTGGCGCCCCTGAACCGACCGAAGTGTTTCATGCAGCGG
TGCGTACCGCTAAAGTCGGTCCGGGTGATATTCCGCACCTGGATGAAGCCCT
GATCGACAAGTACATCCGTGACCTGCGCGAGTTCGGTCTGATTTAG

70

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 56

<210> SEQ ID NO 1
<211> LENGTH: 1232

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<221> NAME/KEY :

source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic polynucleotide”

<400> SEQUENCE: 1

ttgtccatcet

atgcatatgg

catgcetgea

accaataact

attcattaag

ccagecggeat

cgaagaagtt

tggctgagac

cgtaacacge

ttatataatt

cggecgeata

ggtccgetta

gecttaaaaa

cattctgeeg

cagcaccttyg

gtccatattyg

gaaaaacata

cacatcttge

tgggggtagg gtgttcttta tgtaaaaaaa acgttttagg 60
acttcgtata gcatacatta tacgaagtta tctagagttg 120
ttatcactta ttcaggcgta gcaaccaggc gtttaagggce 180
aattacgccce cgccectgceca ctcatcgecag tactgttgta 240
acatggaagc catcacaaac ggcatgatga acctgaatcg 300
tcgecttgeg tataatattt geccatggtg aaaacggggy 360
gccacgttta aatcaaaact ggtgaaactc acccagggat 420
ttctcaataa accctttagg gaaataggcc aggttttcac 480
gaatatatgt gtagaaactg ccggaaatcg tcgtggtatt 540
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-continued

cactccagag cgatgaaaac gtttcagttt getcatggaa aacggtgtaa caagggtgaa 600
cactatccca tatcaccagce tcaccgtett tcattgcecat acggaattcce ggatgagcat 660
tcatcaggeg ggcaagaatg tgaataaagg ccggataaaa cttgtgctta tttttettta 720
cggtectttaa aaaggccgta atatccaget gaacggtcetg gttataggta cattgagcaa 780
ctgactgaaa tgcctcaaaa tgttctttac gatgccattyg ggatatatca acggtggtat 840
atccagtgat ttttttctecc attttagcett ccttagetcecce tgaaaatctce gataactcaa 900
aaaatacgce cggtagtgat cttatttcat tatggtgaaa gttggaacct cttacgtgece 960
gatcaacgtc tcattttcge caaaagttgg cccagggctt cccggtatca acagggacac 1020
caggatttat ttattctgcg aagtgatctt ccgtcacagg tatttattcg actctagata 1080
acttcgtata gcatacatta tacgaagtta tggatccagce ttatcgatac cgtcaaacaa 1140
atcataaaaa atttatttgc tttcaggaaa atttttctgt ataatagatt caattgcgat 1200
gacgacgaac acgcacctgce aggaggagac ca 1232
<210> SEQ ID NO 2
<211> LENGTH: 232
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<221> NAME/KEY: source
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:

Synthetic polynucleotide”
<400> SEQUENCE: 2
ttgtccatcet ttatataatt tgggggtagg gtgttcttta tgtaaaaaaa acgttttagg 60
atgcatatgg cggccgcata acttcgtata gecatacatta tacgaagtta tggatccage 120
ttatcgatac cgtcaaacaa atcataaaaa atttatttgc tttcaggaaa atttttctgt 180
ataatagatt caattgcgat gacgacgaac acgcacctge aggaggagac ca 232

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 3
H: 340
PRT

<213> ORGANISM: Acinetobacter sp.

<400> SEQUENCE: 3

Met Ser Asn
1

Gln Val Val

Val Glu Val

Val Ile Asn
50

His Glu Ile
65

Leu Lys Leu

Gln Ala Cys

Glu Lys Lys
115

Val Arg Ala
130

His Gln Ile Arg Ala

5

Pro Tyr Gln Phe Asp

20

Lys Val Glu Tyr Cys

40

Asn Glu Trp Gln Ser

55

Ile Gly Thr Ile Ile

70

Gly Gln Arg Val Gly

85

Asp Pro Cys Ile Gly

100

Ala Thr Ile Ile Gly

120

Gly Trp Gln Trp Val

135

Tyr

Ala

25

Gly

Ser

Ala

Ile

Gly
105

His

Ile

Ala

10

Gly

Leu

Val

Leu

Gly
90
Asn

Ala

Pro

Ala

Glu

Cys

Tyr

Gly

75

Trp

Gln

Gly

Leu

Met Gln Ala

Leu Lys Ala
30

His Ser Asp

Pro Ala Val
60

Ser Glu Ala

Thr Ala Glu

Val Leu Cys

110

Gly Phe Ala
125

Pro Asp Asp
140

Gly Glu
15

His Gln

Leu Ser

Ala Gly

Lys Gly

80
Thr Cys
95
Thr Gly

Asp Lys

Leu Asp
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74

Pro

145

Pro

Gly

Gly

Leu

Ala

225

Gly

Ser

Gly

Ser

Ile

305

Ile

Ala

Glu

Leu

Ile

Cys

Lys

210

Ile

Thr

Leu

Ala

Pro

290

Ala

Glu

Asp

Ser

Leu

Gly

Glu

195

Ala

Lys

Leu

His

Ile

275

Leu

Pro

Arg

Phe

Ala

Lys

Gly

180

Ile

Asn

Gly

Asn

Phe

260

Met

Ala

Gln

Leu

Asp
340

Gly

His

165

Leu

Thr

Gly

Thr

Val

245

Leu

Gly

Leu

Val

His
325

<210> SEQ ID NO 4

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: Acinetobacter sp.

PRT

<400> SEQUENCE:

Met

1

Glu

Gln

Ser

Gly

65

Gly

Cys

Gly

Lys

Asp

145

Asp

Ala

Ala

Val

Val

His

Leu

Gln

Glu

Val

130

Pro

Pro

Thr

Leu

Glu

35

Leu

Glu

Lys

Ala

Asn

115

Arg

Thr

Ile

Thr

Val

20

Val

Asn

Val

Ile

Cys

100

Thr

Ala

Ser

Leu

314

4

Asn

5

Pro

Lys

Asn

Ile

Gly

85

Asp

Ala

Gly

Ala

Lys

Pro

150

Lys

Gly

Ala

Ala

Arg

230

Lys

Gly

Gly

Arg

Glu

310

Ser

Val

Tyr

Val

Glu

Gly

70

Gln

Gln

Thr

Trp

Gly

150

His

Leu

Ile

His

Phe

Asp

215

Trp

Ala

Val

Ala

Gln

295

Leu

Gly

Ile

Ser

Glu

Trp

Thr

Arg

Cys

Ile

Gln

135

Pro

Gln

Leu

Gln

Ile

Ser

200

Gln

Lys

Tyr

Thr

Lys

280

Leu

Phe

Gln

His

Phe

Tyr

40

His

Ile

Val

Ile

Ile

120

Trp

Leu

Ile

Cys

Ala

Ala

185

Ser

Val

Leu

Leu

Leu

265

Ser

Leu

Pro

Ala

Ala

Asp

25

Cys

Ser

Thr

Gly

Ser

105

Gly

Val

Leu

Gln

Gly

Thr

170

Ile

Asn

Val

Ile

Asn

250

Glu

Val

Gln

Met

Arg
330

Tyr

10

Ala

Gly

Ser

Gln

Ile

90

Gly

His

Ile

Cys

Ala

Gly

155

His

Lys

Pro

Asn

Ile

235

Thr

Pro

Thr

Phe

Ser

315

Tyr

Ala

Gly

Leu

Val

Leu

75

Gly

Gln

Ala

Pro

Gly

155

Ile

Ile

His

Leu

Asp

Ser

220

Leu

Leu

Ile

Ser

Ala

300

Gln

Arg

Ala

Glu

Cys

Tyr

60

Gly

Trp

Gln

Gly

Leu
140

Gly

His

Thr

Val

Leu

Lys

205

Arg

Ser

Ala

Pro

Ser

285

Ala

Leu

Ile

Met

Leu

His

45

Pro

Ser

Thr

Val

Gly
125
Pro

Ile

His

Val

Gly

Lys

190

Thr

Asp

Thr

Pro

Val

270

Pro

Arg

Asn

Val

Gln

Gln

30

Ser

Val

Glu

Ala

Leu

110

Phe

Asp

Thr

Val

Leu

Val

175

Ala

Glu

Ala

Ala

Lys

255

Ser

Thr

Lys

Glu

Leu
335

Ala

Pro

Asp

Val

Ala

Glu

95

Cys

Ala

Glu

Val

Ala

Asp

160

Ile

Trp

Glu

Gln

Asn

240

Gly

Val

Gly

Asn

Ala

320

Lys

Gly

His

Val

Ala

Lys

80

Ser

Thr

Asp

Leu

Phe

160

Val



75

US 9,340,801 B2

76

-continued

165 170 175

Ile Gly Ile Gly Gly Leu Gly His Met Ala Ile Lys Leu Leu Lys Ala
180 185 190
Trp Gly Cys Glu Ile Thr Ala Phe Ser Ser Asn Pro Asn Lys Thr Asp
195 200 205
Glu Leu Lys Ala Met Gly Ala Asp His Val Val Asn Ser Arg Asp Asp
210 215 220

Ala Glu Ile Lys Ser Gln Gln Gly Lys Phe Asp Leu Leu Leu Ser Thr
225 230 235 240
Val Asn Val Pro Leu Asn Trp Asn Ala Tyr Leu Asn Thr Leu Ala Pro

245 250 255
Asn Gly Thr Phe His Phe Leu Gly Val Val Met Glu Pro Ile Pro Val

260 265 270
Pro Val Gly Ala Leu Leu Gly Gly Ala Lys Ser Leu Thr Ala Ser Pro
275 280 285
Thr Gly Ser Pro Ala Ala Leu Arg Lys Leu Leu Glu Phe Ala Ala Arg
290 295 300

Lys Asn Ile Ala Pro Gln Ile Glu Met Tyr
305 310
<210> SEQ ID NO 5
<211> LENGTH: 1020
<212> TYPE: DNA
<213> ORGANISM: Escherichia coli
<400> SEQUENCE: 5
atgtcgatga taaaaagcta tgccgcaaaa gaagcgggeg gcgaactgga agtttatgag 60
tacgatcceg gtgagetgag gecacaagat gttgaagtge aggtggatta ctgcegggate 120
tgccattceg atctgtcgat gatcgataac gaatggggat tttcacaata tccgetggtt 180
geegggceatyg aggtgattgg gcegegtggtg geacteggga gegccgegca ggataaaggt 240
ttgcaggteg gtcagegtgt cgggattgge tggacggege gtagetgtgyg tcactgcgac 300
gectgtatta geggtaatca gatcaactge gagcaaggtg cggtgccgac gattatgaat 360
cgeggtgget ttgccgagaa gttgegtgeg gactggcaat gggtgattece actgecagaa 420
aatattgata tcgagtccge cgggccgetyg ttgtgeggeg gtatcacggt ctttaaacca 480
ctgttgatge accatatcac tgctaccage cgegttgggg taattggtat tggegggetg 540
gggcatatcg ctataaaact tctgcacgca atgggatgceg aggtgacagce ctttagttet 600
aatccggcega aagagcagga agtgctggeg atgggtgecyg ataaagtggt gaatagccge 660
gatccgcagyg cactgaaagce actggegggg cagtttgatce tcattatcaa caccgtcaac 720
gtecagecteg actggcagece ctattttgag gegctgacct atggceggtaa tttcecatacg 780
gteggtgegy ttetcacgee getgtetgtt ccggecttta cgttaattge gggegatcege 840
agcgtetetg gttetgetac cggcacgect tatgagetge gtaagctgat gegttttgee 900
geeegecagea aggttgcgece gaccaccgaa ctgtteccga tgtcgaaaat taacgacgec 960
atccagcatg tgcgcgacgg taaggcgcgt taccgcgtgg tgttgaaage cgatttttga 1020

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 6
H: 1174
PRT

<213> ORGANISM: Artificial Sequence

<220> FEATU
<221> NAME/

RE:

KEY: source
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
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Synthetic

<400> SEQUENCE:

Met
1

Ala
Ala
65

Leu

Arg

Ala

Leu

145

Thr

Asp

Arg

Asp

225

Gly

Ala

Ile
305

Ala

Pro

Arg

Asp

Gly
385

Ala

Phe

Ser

Thr

50

Phe

Leu

Gly

Ala

Thr

130

Gln

Ser

Glu

Tyr

Arg

210

Ala

Pro

Ser

Thr

Gly

290

Ser

Lys

Thr

Tyr

Thr
370

Gly

Val

Ala

Ala

35

Val

Glu

Pro

Glu

Gly

115

Leu

Ala

Pro

Cys

His

195

Arg

Val

Asp

Thr

Met

275

Ile

Leu

Ser

Glu

Gln
355

Leu

Arg

Asp

Glu

20

Ala

Met

Leu

Arg

Val

100

Asp

Asp

Ser

Arg

Leu

180

Pro

Leu

Arg

Thr

Gly

260

Trp

Asn

Phe

Asp

Ile
340
Ser

Asp

Phe

polypeptide”

6

Ser

Asp

Val

Ala

Asn

Phe

85

Ala

Phe

Leu

Ala

Leu

165

Leu

Glu

Ala

Ala

Asp

245

Thr

Gln

Leu

Gly

Met

325

Phe

Glu

Arg

Leu

Pro

Glu

Ser

Gly

Thr

70

Glu

Ala

Val

Ala

Ala

150

Leu

Ala

Asp

Asp

Arg

230

Asp

Pro

Gly

Asn

Val

310

Ser

Phe

Leu

Glu

Val
390

Asp

Gln

Ala

Tyr

55

Asp

Thr

Ala

Ala

Asp

135

Val

Ala

Gly

Asp

Ala

215

Gly

Asp

Lys

Asn

Tyr

295

Leu

Thr

Val

Asp

Val

375

Ala

Glu

Val

Pro

40

Ala

Asp

Ile

Trp

Leu

120

Ile

Ser

Ser

Thr

Asp

200

Gly

Arg

Pro

Gly

Ser

280

Met

Ala

Leu

Pro

Arg
360

Lys

Val

Arg

Lys

25

Gly

Asp

Ala

Thr

His

105

Leu

His

Gln

Thr

Thr

185

Gln

Ser

Asp

Leu

Ala

265

Met

Pro

Arg

Phe

Arg
345
Arg

Ala

Val

Leu

10

Ala

Met

Arg

Thr

Tyr

90

His

Gly

Leu

Leu

Pro

170

Pro

Arg

Leu

Leu

Ala

250

Met

Leu

Met

Gly

Glu

330

Val

Ser

Asp

Gly

Gln

Ala

Arg

Pro

Gly

75

Arg

Asp

Phe

Gly

Ile

155

Glu

Glu

Ala

Val

Pro

235

Leu

Tyr

Gln

Ser

Gly

315

Asp

Cys

Val

Leu

Ser
395

Arg

Arg

Leu

Ala

60

Arg

Glu

Pro

Thr

Ala

140

Ala

His

Arg

Ala

Ile

220

Ala

Leu

Thr

Gly

His

300

Thr

Ile

Asp

Ala

Arg

380

Ala

Arg

Pro

Ala

45

Ala

Thr

Leu

Glu

Ser

125

Val

Ile

Leu

Leu

Phe

205

Val

Ala

Ile

Asn

Asn

285

Ile

Ala

Gly

Met

Gly
365

Gln

Pro

Ile

Leu

30

Gln

Gly

Ser

Trp

Asn

110

Ile

Thr

Leu

Asp

Val

190

Glu

Glu

Pro

Tyr

Arg

270

Ser

Ala

Tyr

Leu

Val
350
Ala

Asn

Leu

Ala

15

Glu

Ile

Gln

Leu

Gln

95

Pro

Asp

Val

Thr

Ala

175

Val

Ser

Thr

Leu

Thr

255

Leu

Gln

Gly

Phe

Val

335

Phe

Asp

Tyr

Ala

Gln

Ala

Ala

Arg

Arg

80

Arg

Leu

Tyr

Pro

Glu

160

Ala

Phe

Ala

Leu

Phe

240

Ser

Ala

Arg

Arg

Ala

320

Arg

Gln

Leu

Leu

Ala
400
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80

Glu

Gly

Ile

Leu

Leu

465

Thr

Asn

Glu

Gly

545

Asp

Glu

Ile

Gly

Arg

625

Gln

Ser

Ser

705

Asp

Pro

Asp

Asp

Gly

785

Arg

Asp

Met

Tyr

Gln

Gly

450

Lys

Ala

Ala

Val

Ala

530

Ser

Ala

Ser

Pro

Leu

610

Tyr

Ala

Leu

Ala

Leu

690

Glu

Leu

Thr

Leu

Ser
770
Ala

Leu

Ala

Lys

Gly

Arg

435

Tyr

Ala

Glu

Glu

Leu

515

Val

Ser

Leu

Ile

Arg

595

Leu

Gly

Asp

Glu

Asp

675

Ser

Val

Ala

Phe

Thr

755

Ile

Asn

Asp

Ala

Thr

Ser

420

Pro

Phe

Glu

Ile

Leu

500

Lys

Phe

Glu

Arg

Gln

580

Asp

Ser

Ala

Glu

Thr

660

Met

Ala

Pro

Asn

Thr

740

Leu

Pro

Gly

Lys

Ala

Phe

405

Thr

Pro

Arg

Thr

Phe

485

Glu

Leu

Ala

Arg

Gly

565

Arg

Phe

Gly

Gln

Leu

645

Val

Arg

Leu

Val

Tyr

725

Ser

Asp

His

Tyr

Thr
805

Ala

Met

Glu

Val

Thr

Thr

470

Asp

His

Ser

Ser

Ser

550

Arg

Ile

Leu

Ile

Leu

630

Leu

Ser

Pro

Ser

Gly

710

Ile

Val

Lys

Ala

Leu
790

Gly

Arg

Glu

Ala

Leu

Asp

455

Ile

Glu

Asp

Gln

Ser

535

Tyr

Asp

Ala

Ile

Ala

615

Glu

Ala

Arg

Asp

Phe

695

Val

Glu

His

Phe

Pro
775
Gly

Gly

Lys

Ser

Gly

Asp

440

Arg

Pro

Asp

Arg

Gly

520

Pro

Leu

Thr

Lys

Glu

600

Lys

Gln

Leu

Ala

Ala

680

Ser

Val

Ala

Gly

Ile

760

Val

Arg

Thr

Arg

Val

Ala

425

Tyr

Pro

Gly

Gly

Leu

505

Glu

Leu

Leu

Ala

Asp

585

Thr

Leu

Met

Arg

Ala

665

His

Asn

Val

Glu

Gly

745

Asp

Pro

Phe

Leu

Leu

Leu

410

Ser

Lys

His

Tyr

Phe

490

Val

Phe

Ile

Ala

Thr

570

Ala

Glu

Leu

Tyr

Arg

650

Lys

Phe

Leu

Ser

Arg

730

Gly

Ala

Ala

Leu

Ile
810

Asp

Asp

Val

Leu

Pro

Tyr

475

Tyr

Tyr

Val

Arg

Val

555

Leu

Asn

Pro

Arg

Thr

635

Glu

Ala

Thr

Leu

Pro

715

Asn

Ser

Arg

Gln

Cys
795

Cys

Ser

Leu

Leu

Val

Arg

460

Lys

Lys

Val

Thr

Gln

540

Ile

Lys

Leu

Phe

Pro

620

Asp

Ala

Met

Asp

His

700

Ala

Ser

Glu

Thr

Thr

780

Leu

Val

Ala

Pro

Leu

Asp

445

Gly

Arg

Thr

Asp

Val

525

Ile

Val

Ser

Gln

Thr

605

Asn

Leu

Ala

Leu

Leu

685

Glu

Asn

Gly

Ile

Leu

765

Val

Glu

Val

Phe

Leu

Asp

430

Val

Glu

Pro

Gly

Arg

510

Ala

Phe

Pro

Ala

Pro

590

Ile

Leu

Ala

Asp

Gly

670

Gly

Ile

Glu

Ala

Arg

750

Ala

Leu

Trp

Arg

Asp

His

415

Asn

Pro

Leu

Glu

Asp

495

Arg

His

Ile

Thr

Leu

575

Tyr

Ala

Lys

Thr

Leu

655

Val

Gly

Phe

Leu

Lys

735

Ala

Ala

Leu

Leu

Gly
815

Ser

Asp

Gln

Glu

Leu

Val

480

Ile

Asn

Leu

Tyr

Asp

560

Ala

Glu

Asn

Glu

Gly

640

Pro

Ala

Asp

Gly

Arg

720

Arg

Ala

Ala

Thr

Glu
800

Ser

Gly
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-continued

820 825 830

Asp Pro Gly Leu Leu Glu His Tyr Gln Gln Leu Ala Ala Arg Thr Leu
835 840 845

Glu Val Leu Ala Gly Asp Ile Gly Asp Pro Asn Leu Gly Leu Asp Asp
850 855 860

Ala Thr Trp Gln Arg Leu Ala Glu Thr Val Asp Leu Ile Val His Pro
865 870 875 880

Ala Ala Leu Val Asn His Val Leu Pro Tyr Thr Gln Leu Phe Gly Pro
885 890 895

Asn Val Val Gly Thr Ala Glu Ile Val Arg Leu Ala Ile Thr Ala Arg
900 905 910

Arg Lys Pro Val Thr Tyr Leu Ser Thr Val Gly Val Ala Asp Gln Val
915 920 925

Asp Pro Ala Glu Tyr Gln Glu Asp Ser Asp Val Arg Glu Met Ser Ala
930 935 940

Val Arg Val Val Arg Glu Ser Tyr Ala Asn Gly Tyr Gly Asn Ser Lys
945 950 955 960

Trp Ala Gly Glu Val Leu Leu Arg Glu Ala His Asp Leu Cys Gly Leu
965 970 975

Pro Val Ala Val Phe Arg Ser Asp Met Ile Leu Ala His Ser Arg Tyr
980 985 990

Ala Gly Gln Leu Asn Val Gln Asp Val Phe Thr Arg Leu Ile Leu Ser
995 1000 1005

Leu Val Ala Thr Gly Ile Ala Pro Tyr Ser Phe Tyr Arg Thr Asp
1010 1015 1020

Ala Asp Gly Asn Arg Gln Arg Ala His Tyr Asp Gly Leu Pro Ala
1025 1030 1035

Asp Phe Thr Ala Ala Ala Ile Thr Ala Leu Gly Ile Gln Ala Thr
1040 1045 1050

Glu Gly Phe Arg Thr Tyr Asp Val Leu Asn Pro Tyr Asp Asp Gly
1055 1060 1065

Ile Ser Leu Asp Glu Phe Val Asp Trp Leu Val Glu Ser Gly His
1070 1075 1080

Pro Ile Gln Arg Ile Thr Asp Tyr Ser Asp Trp Phe His Arg Phe
1085 1090 1095

Glu Thr Ala Ile Arg Ala Leu Pro Glu Lys Gln Arg Gln Ala Ser
1100 1105 1110

Val Leu Pro Leu Leu Asp Ala Tyr Arg Asn Pro Cys Pro Ala Val
1115 1120 1125

Arg Gly Ala Ile Leu Pro Ala Lys Glu Phe Gln Ala Ala Val Gln
1130 1135 1140

Thr Ala Lys Ile Gly Pro Glu Gln Asp Ile Pro His Leu Ser Ala
1145 1150 1155

Pro Leu Ile Asp Lys Tyr Val Ser Asp Leu Glu Leu Leu Gln Leu
1160 1165 1170

<210> SEQ ID NO 7

<211> LENGTH: 1173

<212> TYPE: PRT

<213> ORGANISM: Mycobacterium smegmatis

<400> SEQUENCE: 7

Met Thr Ser Asp Val His Asp Ala Thr Asp Gly Val Thr Glu Thr Ala



83

US 9,340,801 B2

-continued

84

Asp

Ala

Thr

65

Ala

Asp

Ala

Leu

Asp

Gly

225

Ala

Leu

Ala

Ile

Asn

305

Gly

Asp

Ala

Thr

Leu
385

Thr

Gly

Asp

Pro

His

50

Gly

Thr

Thr

Ala

Ala

130

Cys

Val

Thr

Val

Asp

210

Lys

Gly

Ala

Met

Thr

290

His

Thr

Leu

Asp

Gln
370
Arg

Ala

Ala

Asp

Glu

35

Lys

Tyr

Asp

Leu

Leu

115

Thr

Ala

Ser

Val

Asn

195

Asp

Gly

Leu

Met

Tyr

275

Gly

Leu

Ser

Ala

Met

355

Gly

Glu

Pro

His

Glu

20

Phe

Pro

Gly

Glu

Thr

100

Arg

Ile

Tyr

Arg

Ser

180

Ser

His

Ile

Pro

Ile

260

Thr

Asp

Gly

Tyr

Leu

340

Leu

Ala

Gln

Leu

Ile
420

Gln

Ala

Gly

Asp

Gly

85

Tyr

His

Gly

Leu

Leu

165

Ala

Val

Arg

Ala

Ala

245

Leu

Glu

Pro

Gly

Phe

325

Val

Tyr

Asp

Val

Ala
405

Val

Ser

Ala

Leu

Arg

Gly

Ala

Asn

Phe

Gly

150

Ala

Glu

Ser

Asp

Val

230

Glu

Tyr

Ala

Thr

Arg

310

Val

Arg

Gln

Glu

Leu
390

Ala

Asp

Thr

Ala

Arg

55

Pro

Arg

Gln

Phe

Ala

135

Leu

Pro

Tyr

Gln

Ala

215

Thr

Pro

Thr

Met

Pro

295

Ile

Pro

Pro

His

Leu
375
Gly

Glu

Gly

Arg

Ala

40

Leu

Ala

Thr

Val

Ala

120

Ser

Val

Ile

Leu

Leu

200

Leu

Thr

Ile

Ser

Val

280

Val

Pro

Glu

Thr

His

360

Thr

Gly

Met

Tyr

Arg

25

Pro

Ala

Leu

Val

Trp

105

Gln

Pro

Ser

Leu

Asp

185

Val

Ala

Leu

Tyr

Gly

265

Ala

Ile

Ile

Ser

Glu

345

Leu

Ala

Arg

Arg

Gly
425

10

Ile

Leu

Glu

Gly

Thr

90

Ser

Pro

Asp

Val

Ala

170

Leu

Val

Arg

Asp

Thr

250

Ser

Arg

Asn

Ser

Asp

330

Leu

Ala

Glu

Val

Ala
410

Leu

Ala

Pro

Ile

Tyr

75

Arg

Arg

Ile

Tyr

Pro

155

Glu

Ala

Phe

Ala

Ala

235

Ala

Thr

Leu

Val

Thr

315

Met

Gly

Thr

Lys

Ile
395

Phe

Thr

Glu

Ala

Leu

60

Arg

Leu

Val

Tyr

Leu

140

Leu

Val

Val

Asp

Arg

220

Ile

Asp

Gly

Trp

Asn

300

Ala

Ser

Leu

Val

Gln
380
Thr

Leu

Glu

Leu

Val

45

Gln

Ala

Leu

Gln

Pro

125

Thr

Gln

Glu

Glu

His

205

Glu

Ala

His

Ala

Thr

285

Phe

Val

Thr

Val

Asp

365

Ala

Gly

Asp

Thr

Tyr

30

Val

Thr

Arg

Pro

Ala

110

Gly

Leu

His

Pro

Ser

190

His

Gln

Asp

Asp

Pro

270

Met

Met

Gln

Leu

Pro

350

Arg

Gly

Phe

Ile

Gly
430

15

Ala

Asp

Leu

Glu

Arg

95

Val

Asp

Asp

Asn

Arg

175

Val

Pro

Leu

Glu

Gln

255

Lys

Ser

Pro

Asn

Phe

335

Arg

Leu

Ala

Val

Thr
415

Ala

Thr

Ala

Phe

Leu

80

Phe

Ala

Ala

Leu

Ala

160

Ile

Arg

Glu

Ala

Gly

240

Arg

Gly

Phe

Leu

Gly

320

Glu

Val

Val

Glu

Ser
400

Leu

Val
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86

Thr

Ile

Arg

465

Lys

Ala

Gln

545

Lys

Leu

Phe

Pro

625

Asp

Ala

Ile

Leu

Asp

705

Thr

Gly

Glu

Thr

Thr
785
Leu

Ile

Ala

Arg

Asp

450

Gly

Arg

Thr

Asp

Val

530

Ile

Val

Ala

Gln

Ser

610

Asn

Ile

Ala

Leu

Gly

690

Phe

Asn

Asp

Ile

Leu

770

Val

Gln

Val

Tyr

Asp

435

Val

Glu

Pro

Gly

Arg

515

Ala

Phe

Pro

Ala

Ser

595

Ala

Leu

Ala

Thr

Gly

675

Gly

Phe

Leu

Arg

Arg

755

Arg

Leu

Trp

Arg

Asp
835

Gly

Pro

Leu

Glu

Asp

500

Arg

Asn

Val

Thr

Leu

580

Tyr

Ala

Lys

Ala

Gln

660

Thr

Asp

Gly

Ala

Arg

740

Ala

Ala

Leu

Leu

Gly

820

Thr

Val

Glu

Leu

Val

485

Val

Asn

Leu

Tyr

Pro

565

Ala

Glu

Asn

Asp

Thr

645

Pro

Gly

Ser

Phe

Gln

725

Pro

Ser

Ala

Ser

Glu
805

Arg

Asp

Ile

Leu

Val

470

Thr

Met

Asn

Glu

Gly

550

Glu

Asp

Val

Gly

Arg

630

Gln

Val

Ser

Leu

Glu

710

Leu

Ser

Glu

Pro

Gly

790

Arg

Asp

Pro

Val

Gly

455

Arg

Ala

Ala

Val

Ala

535

Asn

Ala

Ser

Pro

Leu

615

Tyr

Ala

Ile

Glu

Ser

695

Val

Ala

Phe

Leu

Gly

775

Ala

Leu

Asp

Glu

Arg

440

Tyr

Ser

Ser

Glu

Leu

520

Val

Ser

Leu

Leu

Ala

600

Leu

Gly

Asn

Asp

Val

680

Ala

Pro

Gln

Thr

Thr

760

Leu

Asn

Ala

Ala

Leu
840

Pro

Phe

Gln

Val

Thr

505

Lys

Phe

Glu

Glu

Gln

585

Asp

Ser

Gln

Gln

Thr

665

Ala

Leu

Val

His

Thr

745

Leu

Pro

Gly

Pro

Ala

825

Ser

Pro

Ser

Thr

Phe

490

Ala

Leu

Ser

Arg

Gln

570

Arg

Phe

Gly

Arg

Leu

650

Leu

Ser

Thr

Gly

Ile

730

Val

Asp

Lys

Trp

Val
810

Ala

Arg

Val

Thr

Leu

475

Asp

Pro

Ala

Gly

Ser

555

Tyr

Thr

Ile

Val

Leu

635

Arg

Thr

Asp

Leu

Thr

715

Glu

His

Lys

Val

Leu
795
Gly

Arg

Arg

Ile

Asp

460

Thr

Arg

Asp

Gln

Ala

540

Phe

Asp

Ala

Val

Gly

620

Glu

Glu

Gln

Ala

Ser

700

Ile

Ala

Gly

Phe

Thr

780

Gly

Gly

Ala

Phe

Asp

445

Lys

Pro

Asp

His

Gly

525

Ala

Leu

Pro

Arg

Glu

605

Lys

Gln

Leu

Ala

His

685

Asn

Val

Gln

Ala

Ile

765

Thr

Arg

Thr

Arg

Ala
845

Tyr

Pro

Gly

Gly

Leu

510

Glu

Leu

Leu

Ala

Asp

590

Thr

Leu

Met

Arg

Ala

670

Phe

Leu

Asn

Arg

Asp

750

Asp

Glu

Phe

Leu

Leu

830

Glu

Lys

Tyr

Tyr

Tyr

495

Val

Phe

Val

Ala

Ala

575

Ala

Glu

Leu

Tyr

Arg

655

Ala

Thr

Leu

Pro

Thr

735

Ala

Ala

Pro

Leu

Ile
815

Thr

Leu

Leu

Pro

Tyr

480

Tyr

Tyr

Val

Arg

Val

560

Leu

Glu

Pro

Arg

Ala

640

Ala

Thr

Asp

Ser

Ala

720

Ala

Thr

Glu

Arg

Thr

800

Thr

Gln

Ala
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Asp Arg His Leu Arg Val Val Ala Gly Asp Ile Gly Asp Pro Asn Leu
850 855 860

Gly Leu Thr Pro Glu Ile Trp His Arg Leu Ala Ala Glu Val Asp Leu
865 870 875 880

Val Val His Pro Ala Ala Leu Val Asn His Val Leu Pro Tyr Arg Gln
885 890 895

Leu Phe Gly Pro Asn Val Val Gly Thr Ala Glu Val Ile Lys Leu Ala
900 905 910

Leu Thr Glu Arg Ile Lys Pro Val Thr Tyr Leu Ser Thr Val Ser Val
915 920 925

Ala Met Gly Ile Pro Asp Phe Glu Glu Asp Gly Asp Ile Arg Thr Val
930 935 940

Ser Pro Val Arg Pro Leu Asp Gly Gly Tyr Ala Asn Gly Tyr Gly Asn
945 950 955 960

Ser Lys Trp Ala Gly Glu Val Leu Leu Arg Glu Ala His Asp Leu Cys
965 970 975

Gly Leu Pro Val Ala Thr Phe Arg Ser Asp Met Ile Leu Ala His Pro
980 985 990

Arg Tyr Arg Gly Gln Val Asn Val Pro Asp Met Phe Thr Arg Leu Leu
995 1000 1005

Leu Ser Leu Leu Ile Thr Gly Val Ala Pro Arg Ser Phe Tyr Ile
1010 1015 1020

Gly Asp Gly Glu Arg Pro Arg Ala His Tyr Pro Gly Leu Thr Val
1025 1030 1035

Asp Phe Val Ala Glu Ala Val Thr Thr Leu Gly Ala Gln Gln Arg
1040 1045 1050

Glu Gly Tyr Val Ser Tyr Asp Val Met Asn Pro His Asp Asp Gly
1055 1060 1065

Ile Ser Leu Asp Val Phe Val Asp Trp Leu Ile Arg Ala Gly His
1070 1075 1080

Pro Ile Asp Arg Val Asp Asp Tyr Asp Asp Trp Val Arg Arg Phe
1085 1090 1095

Glu Thr Ala Leu Thr Ala Leu Pro Glu Lys Arg Arg Ala Gln Thr
1100 1105 1110

Val Leu Pro Leu Leu His Ala Phe Arg Ala Pro Gln Ala Pro Leu
1115 1120 1125

Arg Gly Ala Pro Glu Pro Thr Glu Val Phe His Ala Ala Val Arg
1130 1135 1140

Thr Ala Lys Val Gly Pro Gly Asp Ile Pro His Leu Asp Glu Ala
1145 1150 1155

Leu Ile Asp Lys Tyr Ile Arg Asp Leu Arg Glu Phe Gly Leu Ile
1160 1165 1170

<210> SEQ ID NO 8

<211> LENGTH: 209

<212> TYPE: PRT

<213> ORGANISM: Escherichia coli

<400> SEQUENCE: 8

Met Val Asp Met Lys Thr Thr His Thr Ser Leu Pro Phe Ala Gly His
1 5 10 15

Thr Leu His Phe Val Glu Phe Asp Pro Ala Asn Phe Cys Glu Gln Asp
20 25 30

Leu Leu Trp Leu Pro His Tyr Ala Gln Leu Gln His Ala Gly Arg Lys
35 40 45
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-continued

Arg Lys Thr Glu His Leu Ala Gly Arg Ile Ala Ala Val Tyr Ala Leu
50 55 60

Arg Glu Tyr Gly Tyr Lys Cys Val Pro Ala Ile Gly Glu Leu Arg Gln
65 70 75 80

Pro Val Trp Pro Ala Glu Val Tyr Gly Ser Ile Ser His Cys Gly Thr
85 90 95

Thr Ala Leu Ala Val Val Ser Arg Gln Pro Ile Gly Ile Asp Ile Glu
100 105 110

Glu Ile Phe Ser Val Gln Thr Ala Arg Glu Leu Thr Asp Asn Ile Ile
115 120 125

Thr Pro Ala Glu His Glu Arg Leu Ala Asp Cys Gly Leu Ala Phe Ser
130 135 140

Leu Ala Leu Thr Leu Ala Phe Ser Ala Lys Glu Ser Ala Phe Lys Ala
145 150 155 160

Ser Glu Ile Gln Thr Asp Ala Gly Phe Leu Asp Tyr Gln Ile Ile Ser
165 170 175

Trp Asn Lys Gln Gln Val Ile Ile His Arg Glu Asn Glu Met Phe Ala
180 185 190

Val His Trp Gln Ile Lys Glu Lys Ile Val Ile Thr Leu Cys Gln His
195 200 205

Asp

<210> SEQ ID NO 9

<211> LENGTH: 70

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 9
aaaaacagca acaatgtgag ctttgttgta attatattgt aaacatattg attccgggga

tcegtegace

<210> SEQ ID NO 10

<211> LENGTH: 68

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 10
aaacggagcce ttteggetee gttattcatt tacgeggett caactttect gtaggetgga

getgette

<210> SEQ ID NO 11

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 11

cgggcaggty ctatgaccag gac
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<210> SEQ ID NO 12

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 12
cgeggegttyg accggecagece tgg
<210> SEQ ID NO 13
<211> LENGTH: 5659
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<221> NAME/KEY: source
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic polynucleotide”
<400> SEQUENCE: 13
atgatcatca aacctaaaat tcgtggattt atctgtacaa caacgcacce agtgggttgt
gaagcgaacg taaaagaaca aattgcctac acaaaagcac aaggtccgat caaaaacgca
cctaagegeg tgttggttgt cggategtet ageggetatg gtcetgtcate acgcatceget
geggegttty geggtggtge ggcgacgate ggegtatttt tegaaaagec gggcactgac
aaaaaaccag dgtactgeggg tttctacaat gcagecagegt ttgacaaget agegcatgaa
gegggettgt acgcaaaaag cctgaacgge gatgegttet cgaacgaage gaagcaaaaa
gegattgage tgattaagca agacctcgge cagattgatt tggtggttta ctegttgget
tctecagtge gtaagatgece agacacgggt gagctagtge getctgcact aaaaccgatce
ggcgaaacgt acacctctac cgcggtagat accaataaag atgtgatcat tgaagccagt
gttgaacctyg cgaccgagca agaaatcget gacactgtca cegtgatggg cggtcaagat
tgggaactgt ggatccaage actggaagag gegggtgtte ttgetgaagg ttgcaaaacce
gtggcgtaca gctacatcgg tactgaattyg acttggccaa tttactggga tggegettta
ggcegtgeca agatggacct agatcgegca gcgacagege tgaacgaaaa gctggeageg
aaaggtggta ccgcgaacgt tgcagttttg aaatcagtgg tgactcaage aagctctgeg
attcctgtga tgccgetcta catcgeaatyg gtgttcaaga agatgegtga acagggegtg
catgaaggct gtatggagca gatctaccge atgttcagte aacgtcetgta caaagaagat
ggttcagege cggaagtgga tgatcacaat cgtctgegtt tggatgactyg ggaactgegt
gatgacattc agcagcactg ccgtgatctyg tggccacaaa tcaccacaga gaacctgegt
gagctgaccg attacgacat gtacaaagaa gagttcatca agetgtttgg ctttggeatt
gaaggcattyg attacgatgc tgacgtcaat ccagaagtcg aatttgatgt gattgatatc
gagtaattta gtgactgagc gtacatgtat acgaagatta ttggtactgg cagctatctg
cccgaacaag tgcggactaa cgecgatetyg gaaaaaatgg ttgagaccte tgacgagtgg
attgtcactc gtacaggtat tcgtaaacge catatcgeeg cgccgaatga aactgtcegeg
acgatgggcet ttaccgetge gaatcgegeg attgagatgg cggggatcga taaagaccaa
attggcttga ttgtggtgge taccacatca gcaacgecatg catttccaag cgeggcatgt
cagattcaaa gtatgctecgg tattaaaggt tgeceggegt ttgatgtege ggcagegtge

gcaggtttca cctacgegtt aagcatcgece gaccagtacg ttaaatcegg cgeggttaaa

23

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620
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cacgcgetgg tggteggtte cgatgtatta gcccgcactt gecgatcctgg cgatcgeggt 1680
acgatcatta ttttcggcga tggcgcaggce gcggccgtac tgagcgctte tgaagaaccg 1740
ggtattatct ccactcatct tcatgccgat ggccgttacg gtgaattact gaccctgecyg 1800
aatgccgatc gecgtaaatcc ggataacccg atttacctga caatggcggg caatgaagtce 1860
tttaaagtgg cggtcactga actggcgcat attgtcgatg agacgctggce ggctaataac 1920
ctggatcget cagaactcga ttggcetggtg ccgcatcagg ctaacctgeg tatcattagce 1980
gcgacagcga aaaaactcgg catgtcgatg gacaatgteg tegtcacget ggacaggcac 2040
ggcaatacct ccgeggcette tgtgeccgtge gegctggatg aagccgtgeg tgacgggcga 2100
attaaagccg gtcagctggt attgcttgaa gccttcecgggg gtggattcac ctggggctcece 2160
gcgetgatte gtttctagta taaggattta aacatgacgc aatttgcatt tgtgttcccce 2220
ggtcagggtt ctcagagcgt tgggatgttg gccgagatgg cggcaaatta ccctatcgta 2280
gaagaaacgt ttgctgaagc ttctgcggcet ctgggatatg atctgtgggce gctcacccag 2340
caaggtccag cggaagaact gaataaaacc tggcagacge agcecggcegtt attaaccget 2400
tcegtegege tttggcgegt ttggcagcag cagggcggta aaatgcectge gttaatggcea 2460
ggtcacagcc tgggcgaata ttcecgcgetg gtttgegcetg gegtcatcaa ctttgctgat 2520
gcegttegte tggtggaaat gcgceggtaaa ttcatgcagg aagcggttcecce ggaaggcact 2580
ggcggcatgt ctgcgatcat cgggctggat gatgcctcta ttgctaaagce ctgtgaagaa 2640
tctgccgaag ggcaggttgt ttegecggtt aactttaact cgccgggaca ggtggttatce 2700
geecgggcata aagaggcggt agaacgtgcg ggcgcagect gtaaagecgce tggcgcgaaa 2760
cgegegetge cgcetgecggt gagcegtacceg tegecactgeg cgcetgatgaa accageggca 2820
gataagctgg cggttgaatt agccaaaatt acctttagceg cgccaacggt gccggtagtg 2880
aacaacgttg acgtgaaatg tgaaaccgat gccgccgcta tccgcgatge getggttege 2940
cagttgtaca atccggtaca gtggacgaag agcgtggaat ttatcgcgge gcagggcgtt 3000
gaacatcttt atgaagtggg tccaggtaaa gtcctcactg gtctgacgaa acgtattgtce 3060
gacaccctga cagegtcegge gctgaacgag ccggeggege tgtcetgegge acttacgcaa 3120
taaaagagga aaaccatgag ctttgaagga aagattgcgc tggtgactgg tgcaagccgt 3180
ggcataggcc gcgcaattge agagactctce gttgcccgeg gcegcgaaagt tatcgggact 3240
gcgaccagtyg aaaatggtgc gaagaacatt agcgactatt taggtgctaa cgggaaaggt 3300
ttgatgttga atgtgaccga tcctgcatct attgaatctg ttctggaaaa tattcgcgca 3360
gaatttggtyg aagtggatat cctggttaat aatgccggta tcactcgtga taatctgttg 3420
atgcgaatga aagatgatga gtggaacgat attatcgaaa ccaacttatc atccgtttte 3480
cgcctgtcaa aagcggtaat gcegcecgctatg atgaaaaagce gttgtggteg cattatcact 3540
attggttctg tggttggtac catgggaaat gcaggtcagg caaactacgc tgcggcgaaa 3600
gcgggcectga teggtttcag taaatcactg gegcecgtgaag ttgcgtcccg tggtattact 3660
gtcaatgttg tggctcecggg ttttattgaa acggacatga cgcgtgcgcet gtctgacgat 3720
cagcgtgegg gtatcctgge gcaggtgcect gcgggtegece tcggceggcegce tcaggaaatce 3780
gccagtgegyg ttgcattttt agectctgac gaagcgagtt acatcactgg tgagactcetg 3840
cacgtcaacg gcggaatgta catggtttaa ttttaaggtt tacataaaac atggtagata 3900
aacgcgaatc ctatacaaaa gaagaccttc ttgectetgg tegtggtgaa ctgtttggeg 3960



95

US 9,340,801 B2

96

-continued

ctaaagggcce gcaactcecct gcaccgaaca tgctgatgat ggaccgcecgtce gttaagatga 4020
ccgaaacggg cggcaatttc gacaaaggct atgtcgaagce cgagctggat atcaatccgg 4080
atctatggtt cttcggatge cactttatcg gcgatccecggt gatgcccggt tgtcectgggte 4140
tggatgctat gtggcaattg gtgggattct acctgggctg gttgggcgge gaaggcaaag 4200
gccgegetet gggegtggge gaagtgaaat ttaccggcca ggttcectgecg acagccagga 4260
aagtcaccta tcgtattcat ttcaaacgta tcgtaaaccg tcgcectgatce atgggcectgg 4320
cggacggtga ggttctggtyg gatggtcgce tgatctatac cgcacacgat ttgaaagtcg 4380
gtttgttcecca ggatacttce gcgttctaaa aggaggcaac aaaatgaatc gccgegttgt 4440
cattacgggt attggtgcag tgacgccggt gggtaacaac gctgatagcet tetggtgcag 4500
catcaaagag ggtaaatgtg gcattgacaa gatcaaagcg tttgacgcaa ccgatttcaa 4560
agttaagctg gctgccgaag tgaaggactt caccccggag gactttatcg acaagcgtga 4620
ggcgaaccgt atggaccgtt ttagccagtt tgcgatcgtt geggcggatg aggcaatcaa 4680
ggacagcaaa ctggacctgg agtcgattga taagaatcgt ttcggcegtca ttgttggtag 4740
cggcattggce ggcatcggca ccattgagaa gcaggatgaa aagctgatta ccaaaggtcc 4800
gggtcgtgtyg agccctatga ctattccgat gatcattgeg aatatggcaa gcggtaatct 4860
ggcgattegt tatggcgcta aaggtatttg cacgaccatt gtcaccgcat gtgcgagcegce 4920
gaacaacagc attggtgagt ccttccgtaa cattaagttt ggttatagcg acgttatgat 4980
ctetggtggt agcgaagcag gtatcaccce gttgagectg gegggttttg cctcecgatgaa 5040
ggccgtgace aaatctgagg acccgaagceg cgccageatce cegttegata aggatcgeag 5100
cggttttgtg atgggcgagg gcagcggtat cgttatcttg gaagagttgg agcacgcgct 5160
gaagcgtggt gccaaaatct atgccgagat cgttggctat ggtgcgacct gcgacgcata 5220
tcatatcacg agcccagegce cgaatggtga aggtggtgca cgtgcaatga aactggcaat 5280
ggaagaagat aatgtccgcce cagaggacat ttcctatatc aacgcgcacg gtacgagcac 5340
ggcgtacaat gacagcttcg aaacccaagc gatcaagacg gtcctgggtg aatacgecta 5400
caaagtgceg gtgtctagca ccaagagcat gaccggccac ctgetgggeyg ctggeggtge 5460
agtcgaagcg attatctgtg ccaaagctat tgaagagggt ttcattccge cgaccatcgg 5520
ctacaaagag gcggatccgg aatgcgacct ggattacgtt cctaacgagg gcecgtaatgce 5580
agaagtcaac tacgttctgt ccaacagcct gggctteggt ggccataatg cgactctget 5640
gttcaaaaag tacaaatga 5659
<210> SEQ ID NO 14
<211> LENGTH: 40
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<221> NAME/KEY: source
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:

Synthetic oligonucleotide”
<400> SEQUENCE: 14
gecagttattyg gtgcccttaa acgectggtt gectacgectg 40

<210>
<211>
<212>
<213>
<220>
<221>

SEQ ID NO 15

LENGTH: 27

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

NAME/KEY: source
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<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 15

gagccaatat gcgagaacac ccgagaa 27

<210> SEQ ID NO 16

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 16

cgctgaacgt attgcaggee gagttgetge accgetceceg ccaggcag 48

<210> SEQ ID NO 17

<211> LENGTH: 51

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 17

ggaattgcca cggtgcggca ggctccatac gegaggccag gttatccaac g 51

<210> SEQ ID NO 18

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 18

aatcaccage actaaagtge geggttegtt acceg 35

<210> SEQ ID NO 19

<211> LENGTH: 34

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 19

atctgcegtg gattgcagag tcectattcage tacg 34

<210> SEQ ID NO 20

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 20

gcaattccat atgacgagcg atgttcacga 30

<210> SEQ ID NO 21
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<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 21

ccgctecgagt aaatcagacc gaactcgceg 29

<210> SEQ ID NO 22

<211> LENGTH: 60

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 22

atgggcagca gccatcatca tcatcatcac agecageggece tggtgecgeg cggcagecat 60

<210> SEQ ID NO 23

<211> LENGTH: 43

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 23

acggatccce ggaatgcegca acgcaattaa tgtaagttag cge 43

<210> SEQ ID NO 24

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 24

tgcgtcatceg ccattgaatt cctaaatcag accgaacteg cgcagg 46

<210> SEQ ID NO 25

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 25

attccgggga tccgtcecgace 20

<210> SEQ ID NO 26

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic oligonucleotide”

<400> SEQUENCE: 26



US 9,340,801 B2
101

-continued

102

aatggcgatg acgcatccte acg 23

<210> SEQ ID NO 27

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 27

acggaaagga gctagcacat gggcagcage catcatcat 39

<210> SEQ ID NO 28

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 28

gtaaaggatg gacggcggtc acccgcce 27

<210> SEQ ID NO 29

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 29

cacggcgggt gaccgccgte catcce 25

<210> SEQ ID NO 30

<211> LENGTH: 43

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 30

ttaattccegyg ggatccctaa atcagaccga actcgegeag gte 43

<210> SEQ ID NO 31

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 31

cagccgttta ttgccgactg gatg 24

<210> SEQ ID NO 32

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:



US 9,340,801 B2
103 104

-continued

<221> NAME/KEY: source
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 32

ctgttttatc agaccgcttce tgcgtte 27

<210> SEQ ID NO 33

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 33

gcactcgacc ggaattatcg 20

<210> SEQ ID NO 34

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 34

gcactacgceg tactgtgagce cagag 25

<210> SEQ ID NO 35

<211> LENGTH: 45

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 35

gaggaataaa ccatgacgag cgatgttcac gacgcgaccg acggc 45

<210> SEQ ID NO 36

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 36

ctaaatcaga ccgaactcgc gcagg 25

<210> SEQ ID NO 37

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 37

catggtttat tccteccttat ttaatcgata ¢ 31
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<210> SEQ ID NO 38

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 38

tgacctgcge gagttcggte tgatttag 28
<210> SEQ ID NO 39

<211> LENGTH: 1168

<212> TYPE: PRT

<213> ORGANISM: Mycobacterium smegmatis

<400> SEQUENCE: 39

Met Thr Ile Glu Thr Arg Glu Asp Arg Phe Asn Arg Arg Ile Asp His
1 5 10 15

Leu Phe Glu Thr Asp Pro Gln Phe Ala Ala Ala Arg Pro Asp Glu Ala
20 25 30

Ile Ser Ala Ala Ala Ala Asp Pro Glu Leu Arg Leu Pro Ala Ala Val
35 40 45

Lys Gln Ile Leu Ala Gly Tyr Ala Asp Arg Pro Ala Leu Gly Lys Arg
50 55 60

Ala Val Glu Phe Val Thr Asp Glu Glu Gly Arg Thr Thr Ala Lys Leu
65 70 75 80

Leu Pro Arg Phe Asp Thr Ile Thr Tyr Arg Gln Leu Ala Gly Arg Ile
Gln Ala Val Thr Asn Ala Trp His Asn His Pro Val Asn Ala Gly Asp
100 105 110

Arg Val Ala Ile Leu Gly Phe Thr Ser Val Asp Tyr Thr Thr Ile Asp
115 120 125

Ile Ala Leu Leu Glu Leu Gly Ala Val Ser Val Pro Leu Gln Thr Ser
130 135 140

Ala Pro Val Ala Gln Leu Gln Pro Ile Val Ala Glu Thr Glu Pro Lys
145 150 155 160

Val Ile Ala Ser Ser Val Asp Phe Leu Ala Asp Ala Val Ala Leu Val
165 170 175

Glu Ser Gly Pro Ala Pro Ser Arg Leu Val Val Phe Asp Tyr Ser His
180 185 190

Glu Val Asp Asp Gln Arg Glu Ala Phe Glu Ala Ala Lys Gly Lys Leu
195 200 205

Ala Gly Thr Gly Val Val Val Glu Thr Ile Thr Asp Ala Leu Asp Arg
210 215 220

Gly Arg Ser Leu Ala Asp Ala Pro Leu Tyr Val Pro Asp Glu Ala Asp
225 230 235 240

Pro Leu Thr Leu Leu Ile Tyr Thr Ser Gly Ser Thr Gly Thr Pro Lys
245 250 255

Gly Ala Met Tyr Pro Glu Ser Lys Thr Ala Thr Met Trp Gln Ala Gly
260 265 270

Ser Lys Ala Arg Trp Asp Glu Thr Leu Gly Val Met Pro Ser Ile Thr
275 280 285

Leu Asn Phe Met Pro Met Ser His Val Met Gly Arg Gly Ile Leu Cys
290 295 300

Ser Thr Leu Ala Ser Gly Gly Thr Ala Tyr Phe Ala Ala Arg Ser Asp
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305

Arg

Ala

Ser

385

Glu

Ile

Asp

Phe

465

Glu

Asp

Gln

Ser

Tyr

545

Asp

Ala

Arg

Glu

625

Glu

Arg

Asp

Phe

705

Glu

Ser

Phe

Leu

Val

370

Ala

Glu

Ala

Asp

Arg

450

Pro

Asp

His

Gly

Pro

530

Leu

Gly

Arg

Glu

Lys

610

Gln

Leu

Ala

Ala

Ser
690

Ile

Gly

Thr

Val

Asp

355

Leu

Leu

Asp

Gly

Tyr

435

Pro

Gly

Gly

Leu

Glu

515

Leu

Leu

Asp

Ala

Thr

595

Leu

Leu

Arg

Ala

His
675
Asn

Val

Glu

Phe

Pro

340

Asn

Glu

Thr

Leu

Ala

420

Lys

Tyr

Tyr

Tyr

Glu

500

Phe

Val

Ala

Glu

Ala

580

Thr

Ala

Tyr

Arg

Val

660

Phe

Leu

Ser

Leu

Leu

325

Arg

Arg

Glu

Gly

Leu

405

Val

Leu

Pro

Tyr

Tyr

485

Tyr

Val

Arg

Val

Leu

565

Gly

Pro

Arg

Thr

Asn

645

Ala

Thr

Leu

Pro

Arg
725

310

Glu

Ile

Arg

Val

Ser

390

Asp

Phe

Val

Arg

Lys

470

Arg

Leu

Thr

Gln

Val

550

Lys

Leu

Phe

Pro

Asp

630

Gly

Leu

Asp

His

Ala
710

Gly

Asp

Trp

Ala

Arg

375

Ala

Met

Ile

Asp

Gly

455

Arg

Thr

Asp

Val

Ile

535

Val

Ser

Gln

Thr

Lys

615

Leu

Ala

Leu

Leu

Glu
695

Thr

Ser

Leu

Asp

Glu

360

Thr

Pro

His

Asp

Val

440

Glu

Pro

Gly

Arg

Ser

520

Tyr

Pro

Arg

Ser

Leu

600

Leu

Ala

Asp

Gly

Gly

680

Ile

Asp

Lys

Ala

Met

345

Gly

Gln

Ile

Leu

Gly

425

Pro

Leu

Glu

Asp

Arg

505

Lys

Val

Thr

Ile

Tyr

585

Glu

Lys

Glu

Arg

Ala

665

Gly

Phe

Leu

Arg

Leu

330

Leu

Ser

Leu

Ser

Leu

410

Gln

Asp

Leu

Ile

Ile

490

Asn

Leu

Tyr

Glu

Ser

570

Glu

Asn

Ala

Gly

Pro

650

Ser

Asp

Asp

Ala

Pro
730

315

Val

Phe

Glu

Leu

Ala

395

Glu

Ile

Leu

Val

Thr

475

Val

Asn

Glu

Gly

Glu

555

Asp

Ile

Gly

His

Gln

635

Val

Val

Ser

Val

Gly
715

Thr

Arg

Gln

Asp

Gly

380

Glu

Gly

Gln

Gly

Lys

460

Ala

Ala

Val

Ala

Asn

540

Ala

Ser

Pro

Leu

Tyr

620

Ala

Val

Thr

Leu

Asp
700

Val

Tyr

Pro

Glu

Arg

365

Gly

Met

Tyr

Arg

Tyr

445

Ser

Glu

Glu

Leu

Val

525

Ser

Leu

Leu

Arg

Leu

605

Gly

Asn

Glu

Asp

Ser
685
Val

Ala

Ala

Thr

Tyr

350

Ala

Arg

Lys

Gly

Pro

430

Phe

Glu

Met

Leu

Lys

510

Phe

Ala

Ser

Gln

Asp

590

Thr

Glu

Glu

Thr

Leu

670

Ala

Pro

Ala

Ser

Gln

335

Gln

Glu

Phe

Ser

Ser

415

Pro

Ala

Gln

Phe

Gly

495

Leu

Gly

Arg

Arg

Asp

575

Phe

Gly

Arg

Leu

Val

655

Arg

Leu

Val

Tyr

Val
735

320

Leu

Ser

Ala

Val

Trp

400

Thr

Val

Thr

Met

Asp

480

Pro

Ser

Asp

Ser

Trp

560

Ala

Leu

Ile

Leu

Arg

640

Ser

Ser

Ser

Gly

Ile
720

His
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110

Gly

Phe

Gly

Gly

785

Gly

Ala

Lys
Ala

865

Glu

Glu

Ser

945

Leu

Cys

Pro

Ala

Arg

Ile

Asp

Leu

Asn

Thr

Arg

Ile

Thr
770

Arg

Lys

Arg

Tyr

Gly

850

Asp

Leu

Leu

Ser

Asp

930

Tyr

Arg

Asp

Asp

Pro

1010

Ala
1025

Ser
1040

Val
1055

Asp
1070

Tyr
1085

Pro
1100

Tyr
1115

Asp
1130

Asp

Asp

755

Glu

Tyr

Val

Leu

Arg

835

Glu

Thr

Pro

Ile

Thr

915

Ala

Ala

Glu

Met

Met

995

Gly

His

Thr

Met

Trp

Ala

Glu

Gln

Arg

Ala

740

Ala

Ile

Leu

Ile

Asp

820

Ala

Ala

Val

Tyr

Arg

900

Ile

Asp

Asn

Ala

Ile

980

Phe

Ser

Tyr

Ile

Asn

Leu

Thr

Arg

Gln

Phe

Thr

Lys

Arg

Ala

Cys

805

Ala

Leu

Asp

Asp

Ser

885

Ile

Gly

Ile

Gly

His

965

Leu

Thr

Phe

Asp

Gly

Pro

Ile

Trp

Gln

Pro

Arg

Glu

Thr

Thr

Leu

790

Leu

Thr

Ala

Leu

Leu

870

Gln

Ala

Val

Arg

Tyr

950

Asp

Ala

Arg

Val

Leu

Val

775

Glu

Val

Phe

Ala

Gly

855

Ile

Met

Leu

Gly

Glu

935

Gly

Trp

Asp

Leu

Arg

Ser

760

Leu

Trp

Arg

Asp

Asp

840

Leu

Val

Phe

Thr

Gln

920

Ile

Asn

Cys

Thr

Met
1000

Tyr Glu Le

101

5

Gly Leu Pr

103

0

Ser Gln Va

104

Tyr Asp

106

Glu Ala

107

Leu Ser

109

5

Ag
0

Gl
5

Ar
0

Arg Gln Al

110

Ser Pro

112

Ala Ala

113

5

Pr
0

Va
5

Ala

745

Ala

Leu

Leu

Ala

Thr

825

His

Asp

Asp

Gly

Thr

905

Gly

Ser

Ser

Gly

Thr
985

Leu Ser Leu Val Ala

Arg Asp Leu

Ala Pro Gly

Thr Gly Ala

780

Glu Arg Met
795

Arg Ser Asp

810

Gly Asp Ala

Leu Glu Val

His Asp Thr

860

Pro Ala Ala
875

Pro Asn Ala

890

Thr Ile Lys

Ile Ser Pro

Ala Thr Arg

940

Lys Trp Ala
955

Leu Pro Val

970

Tyr Ser Gly

u Asp Ala

o Val Glu

1 Thr Asp

p Gly Ile

y Tyr Pro

g Phe Glu

a Ser Leu

o Val Cys

1l Gln Asp

Asp Gly Asn

Ala

Leu

765

Thr

Asp

Asp

Thr

Ile

845

Trp

Leu

Leu

Pro

Glu

925

Arg

Gly

Ser

Gln

Leu

750

Pro

Gly

Leu

Glu

Leu

830

Ala

Gln

Val

Gly

Tyr

910

Ala

Val

Glu

Val

Leu
990

Thr Gly Ile

1005

1020

Phe Ile
1035

Gly Phe
1050

Gly Leu
1065

Val His
1080

Thr Ala
1095

Leu Pro
1110

Gly Ala
1125

Ala Lys
1140

Arg

Leu

Met

Ala

Glu

Asp

Leu

Ile

Val

Arg

Gly

Arg

Phe

Val

Ala

815

Leu

Gly

Arg

Asn

Thr

895

Val

Phe

Asp

Val

Phe

975

Asn

Glu

Thr

Glu

Leu

Ala

Gly

Lys

Ser

Leu

Asp

800

Arg

Glu

Asp

Leu

His

880

Ala

Tyr

Val

Asp

Leu

960

Arg

Leu

Arg Gln

Ala

Phe

Tyr

Asp

Ala

His

Pro

Pro
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Asp Lys Asp Ile Pro His Val Thr Ala Asp Val Ile Val Lys Tyr
1145 1150 1155

Ile Ser Asn Leu Gln Met Leu Gly Leu Leu
1160 1165

<210> SEQ ID NO 40

<211> LENGTH: 1168

<212> TYPE: PRT

<213> ORGANISM: Mycobacterium tuberculosis

<400> SEQUENCE: 40

Met Ser Ile Asn Asp Gln Arg Leu Thr Arg Arg Val Glu Asp Leu Tyr
1 5 10 15

Ala Ser Asp Ala Gln Phe Ala Ala Ala Ser Pro Asn Glu Ala Ile Thr
20 25 30

Gln Ala Ile Asp Gln Pro Gly Val Ala Leu Pro Gln Leu Ile Arg Met
35 40 45

Val Met Glu Gly Tyr Ala Asp Arg Pro Ala Leu Gly Gln Arg Ala Leu
50 55 60

Arg Phe Val Thr Asp Pro Asp Ser Gly Arg Thr Met Val Glu Leu Leu
65 70 75 80

Pro Arg Phe Glu Thr Ile Thr Tyr Arg Glu Leu Trp Ala Arg Ala Gly
85 90 95

Thr Leu Ala Thr Ala Leu Ser Ala Glu Pro Ala Ile Arg Pro Gly Asp
100 105 110

Arg Val Cys Val Leu Gly Phe Asn Ser Val Asp Tyr Thr Thr Ile Asp
115 120 125

Ile Ala Leu Ile Arg Leu Gly Ala Val Ser Val Pro Leu Gln Thr Ser
130 135 140

Ala Pro Val Thr Gly Leu Arg Pro Ile Val Thr Glu Thr Glu Pro Thr
145 150 155 160

Met Ile Ala Thr Ser Ile Asp Asn Leu Gly Asp Ala Val Glu Val Leu
165 170 175

Ala Gly His Ala Pro Ala Arg Leu Val Val Phe Asp Tyr His Gly Lys
180 185 190

Val Asp Thr His Arg Glu Ala Val Glu Ala Ala Arg Ala Arg Leu Ala
195 200 205

Gly Ser Val Thr Ile Asp Thr Leu Ala Glu Leu Ile Glu Arg Gly Arg
210 215 220

Ala Leu Pro Ala Thr Pro Ile Ala Asp Ser Ala Asp Asp Ala Leu Ala
225 230 235 240

Leu Leu Ile Tyr Thr Ser Gly Ser Thr Gly Ala Pro Lys Gly Ala Met
245 250 255

Tyr Arg Glu Ser Gln Val Met Ser Phe Trp Arg Lys Ser Ser Gly Trp
260 265 270

Phe Glu Pro Ser Gly Tyr Pro Ser Ile Thr Leu Asn Phe Met Pro Met
275 280 285

Ser His Val Gly Gly Arg Gln Val Leu Tyr Gly Thr Leu Ser Asn Gly
290 295 300

Gly Thr Ala Tyr Phe Val Ala Lys Ser Asp Leu Ser Thr Leu Phe Glu
305 310 315 320

Asp Leu Ala Leu Val Arg Pro Thr Glu Leu Cys Phe Val Pro Arg Ile
325 330 335

Trp Asp Met Val Phe Ala Glu Phe His Ser Glu Val Asp Arg Arg Leu
340 345 350
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114

Leu
Ser
385

Ala

Leu

Pro

Tyr

465

Tyr

Tyr

Ile

Arg

545

Leu

Gly

Pro

Arg

Thr

625

Ser

Ala

Ala

Leu

Pro
705
Thr

Thr

Ala

Asp

Arg

370

Ala

Asp

Leu

Val

Arg

450

Gln

Arg

Leu

Ala

Gln

530

Val

Lys

Leu

Phe

Pro

610

Glu

Gly

Leu

Asp

His

690

Ala

Gly

Glu

Thr

Gly

355

Glu

Pro

Val

Asn

Asp

435

Gly

Arg

Thr

Asp

Val

515

Ile

Val

Pro

Gln

Thr

595

Gln

Leu

Pro

Leu

Leu

675

Glu

Ser

Val

Val

Leu
755

Ala

Asn

Ile

His

Asp

420

Val

Glu

Pro

Gly

Arg

500

Ser

Phe

Pro

Val

Ser

580

Leu

Leu

Ala

Asp

Gly

660

Gly

Ile

Asp

Arg

His

740

Ala

Asp

Val

Ser

Leu

405

Gly

Pro

Leu

Asp

Asp

485

Arg

Lys

Ile

Ser

Ile

565

Tyr

Glu

Lys

Asp

Ala

645

Ser

Gly

Phe

Leu

Arg
725

Ala

Ala

Arg

Leu

Ala

390

Val

Met

Glu

Leu

Val

470

Ile

Asn

Leu

Tyr

Gly

550

Ser

Glu

Asn

Lys

Ser

630

Pro

Thr

Asp

Gly

Arg

710

Pro

Ser

Ala

Ala

Gly

375

Glu

Glu

Val

Leu

Val

455

Thr

Met

Asn

Glu

Gly

535

Asp

Glu

Ile

Gly

Phe

615

Gln

Val

Ala

Ser

Val

695

Ala

Ser

Asp

Pro

Ala

360

Gly

Met

Gly

Arg

Gly

440

Lys

Ala

Ala

Val

Ala

520

Asn

Ala

Ser

Pro

Leu

600

Tyr

Ser

Leu

Ala

Leu

680

Asp

Leu

Phe

Leu

Asn
760

Leu

Arg

Thr

Tyr

Arg

425

Tyr

Thr

Glu

Lys

Leu

505

Val

Ser

Leu

Leu

Arg

585

Leu

Gly

Asn

Pro

Asp

665

Ser

Val

Ala

Ala

Thr

745

Leu

Glu

Phe

Ala

Gly

410

Pro

Phe

Gln

Val

Val

490

Lys

Phe

Ala

Ser

Gln

570

Asp

Thr

Glu

Glu

Thr

650

Val

Ala

Pro

Asp

Ser

730

Leu

Pro

Ala

Val

Trp

395

Ser

Ala

Gly

Thr

Phe

475

Gly

Leu

Gly

Arg

Arg

555

Glu

Phe

Gly

Arg

Leu

635

Leu

Arg

Leu

Val

His
715
Ile

Asp

Ala

Gln

Met

380

Val

Thr

Val

Thr

Met

460

Asp

Pro

Ser

Asp

Ala

540

His

Val

Ile

Ile

Leu

620

Arg

Cys

Pro

Ser

Gly

700

Ile

His

Lys

Pro

Val

365

Ala

Glu

Glu

Ile

Asp

445

Phe

Pro

Asp

Gln

Ser

525

Tyr

Gly

Ala

Ile

Arg

605

Glu

Glu

Arg

Asp

Leu

685

Val

Glu

Gly

Phe

Ser
765

Lys

Leu

Ser

Ala

Asp

430

Gln

Pro

Asp

Gln

Gly

510

Pro

Pro

Ile

Arg

Glu

590

Lys

Arg

Leu

Ala

Ala

670

Ala

Ile

Ala

Arg

Ile

750

Ala

Ala

Thr

Leu

Gly

415

Tyr

Pro

Gly

Gly

Phe

495

Glu

Leu

Leu

Glu

Ala

575

Thr

Leu

Leu

Arg

Ala

655

His

Asn

Val

Ala

Ser
735

Asp

Gln

Glu

Gly

Leu

400

Met

Lys

Tyr

Tyr

Phe

480

Val

Phe

Val

Ala

Asn

560

Ala

Thr

Ala

Tyr

Gln

640

Ala

Phe

Leu

Ser

Arg

720

Ala

Ala

Val
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Arg

Ala

785

Cys

Ala

Leu

Asp

Asp

865

Ser

Leu

Ala

Ile

Gly

945

Leu

Thr

Phe

Asp

Gly

Pro

Asn

Asp

Leu

Asn

Thr

Asp

Ile

Thr
770

Leu

Leu

Thr

Gly

Leu
850

Leu

Gln

Ala

Val

Arg

930

Tyr

Glu

Ala

Arg

Tyr

1010

Gly
1025

Thr
1040

Tyr
1055

Ser
1070

Tyr
1085

Pro
1100

Tyr
1115

Asp
1130

Lys
1145

Ser
1160

Val

Glu

Val

Phe

Ala

835

Gly

Ile

Leu

Leu

Gly

915

Ala

Ala

Gln

Asp

Leu

995

Glu

Leu

Asp

Pro

Gly

Asp

Arg

Gln

Asp

Asn

Leu

Trp

Arg

Asp

820

Gly

Leu

Val

Phe

Thr

900

Glu

Ile

Asn

Cys

Thr

980

Met

Leu

Pro

Ser

Asp

Thr

Glu

Arg

Glu

Phe

Ile

Leu

Leu

Leu

Ala

805

Ser

Arg

Asp

Asp

Gly

885

Gly

Gln

Ser

Ser

Gly

965

Ser

Leu

Thr

Asp

790

Arg

Gly

Leu

Arg

Pro

870

Pro

Lys

Ile

Pro

Lys

950

Leu

Tyr

Ser

Asp Ala

Val

Pro

Glu

Asp

Gly Ile

Ser

Trp

Gly

Leu

Gln Arg

Pro

Arg

Pro

Arg

Ala

Ala

His

Leu

Gly

775

Arg

Ser

Asp

Glu

Val

855

Ala

Asn

Arg

Pro

Thr

935

Trp

Pro

Thr

Leu

His

Ala

Met

Asp

Pro

Val

840

Thr

Ala

Ala

Lys

Pro

920

Arg

Ala

Val

Gly

Ala

1000

Gl

1015

Phe

Va

1030

Arg

Phe

1045

Gly Le
1060

Ser

Gl

1075

Gln Ar
1090

His

Al

1105

Lys

Pr

1120

Ala

Va

1135

Leu

Thr

1150

Leu G1
1165

Thr

Asp

Glu

Tyr

825

Leu

Trp

Leu

Ala

Pro

905

Glu

Arg

Gly

Thr

Gln
985

Ala Thr Gly Ile Ala

Gly Phe Leu

780

Leu Val Asn
795

Glu Ala Gln

810

Leu Val Arg

Ala Gly Asp

Gln Arg Leu

860

Val Asn His
875

Gly Thr Ala

890

Tyr Ile Tyr

Ala Phe Thr

Ile Asp Asp

940

Glu Val Leu
955

Val Phe Arg

970

Leu Asn Leu

Yy Asn Arg

1 Ala Glu

Val Thr

u Asp Glu

vy Cys Thr

g Phe Glu

a Ser Leu

o Ile Cys

1 Gln Glu

Ala Ala

y Leu Leu

Gly Arg Tyr

Gly

Ala

His

Lys

845

Ala

Val

Glu

Thr

Glu

925

Ser

Leu

Cys

Pro

10

Lys

Arg

Tyr

830

Gly

Asp

Leu

Leu

Ser

910

Asp

Tyr

Arg

Asp

Asp
990

05

Gln Arg Ala
1020

Ala Ile
1035

Tyr His
1050

Phe Val
1065

Ile Gln
1080

Thr Ser
1095

Leu Pro
1110

Gly Ser
1125

Ala Lys
1140

Ile Ile
1155

Cys

Val

Asp

Arg

Leu

Leu

815

Arg

Glu

Thr

Pro

Leu

895

Thr

Ala

Ala

Glu

Met

975

Met

Leu

Ile

800

Asp

Glu

Ala

Val

Tyr

880

Arg

Ile

Asp

Asn

Ala

960

Ile

Phe

Pro Gly Ser

His Tyr

Thr

Met

Trp

Leu

Asn

Leu

Ile Ala

Leu Arg

Leu

Leu

Ile Ala

Ile

Ala

Gly

Lys

Ala

His

Pro

Pro

Tyr
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-continued
<210> SEQ ID NO 41
<211> LENGTH: 3507
<212> TYPE: DNA
<213> ORGANISM: Mycobacterium smegmatis
<400> SEQUENCE: 41
atgacgatcg aaacgcgcga agaccgctte aaccggegea ttgaccactt gttcgaaacce 60
gaccegecagt tcegeegecge cegtceccgac gaggcegatca gegeggetge cgecgatceg 120
gagttgcgee ttectgecge ggtcaaacag attctggeeg getatgegga cegeectgeg 180
ctgggcaage gcgecegtega gttegtcace gacgaagaag gecgcaccac cgcegaagcete 240
ctgccceget tcgacaccat cacctacegt cagetegeag gecggatcca ggecgtgace 300
aatgcctgge acaaccatce ggtgaatgece ggtgacegeg tggecatect gggtttcace 360
agtgtcgact acacgacgat cgacatcgece ctgctcgaac teggegeegt gtecegtaceg 420
ctgcagacca gtgcgeoggt ggeccaactg cagecgateg tegecgagac cgageccaag 480
gtgatcgegt cgagegtcga cttectegee gacgcagteg ctetegtega gtecgggece 540
gegecgtege gactggtggt gttegactac agccacgagg tcgacgatca gegtgaggeg 600
ttcgaggegyg ccaagggcaa gctegeagge accggegteg tegtcgagac gatcaccgac 660
gecactggace gcgggceggte actcegecgac gcaccgetet acgtgeccga cgaggecgac 720
ccgetgacce ttetcatecta caccteegge agecaccggea ctceccaaggg cgegatgtac 780
cccgagteca agaccgecac gatgtggeag gecgggtceca aggeceggtyg ggacgagace 840
cteggegtga tgccgtegat caccctgaac ttecatgecca tgagtcacgt catggggege 900
ggcatcctgt gcagcacact cgccagegge ggaaccgegt acttegecge acgcagegac 960

ctgtccacct tecctggagga cctcecgeccte gtgeggecca cgcagctcaa cttegttect 1020
cgcatetggg acatgetgtt ccaggagtac cagagccgece tcegacaaccyg ccgcegecgag 1080
ggatccgagyg accgagccga agccgcagtce ctcgaagagg tcecgcaccca actgctcegge 1140
gggcgatteg ttteggeccct gaccggatcg gectcccatet cggcggagat gaagagetgg 1200
gtegaggace tgctcgacat gcatctgetg gagggctacg getccaccga ggecggcegey 1260
gtgttcatcg acgggcagat ccagcgcccg ccggtcateg actacaagcet ggtcgacgtg 1320
ccegateteg getacttege cacggaccgg ccectacceege geggcgaact tetggtcaag 1380
tcecgagcaga tgttecccegg ctactacaag cgteccggaga tcaccgccga gatgttcecgac 1440
gaggacgggt actaccgcac cggcgacatc gtcgecgage tegggeccga ccatctcgaa 1500
tacctcgacce geccgcaacaa cgtgctgaaa ctgtcgcagg gcgaattcecgt cacggtcetcece 1560
aagctggagg cggtgttegg cgacagccce ctggtacgec agatctacgt ctacggcaac 1620
agcgcgeggt cctatctget ggeggtegtg gteccgaccg aagaggcact gtcacgttgg 1680
gacggtgacyg aactcaagtc gcgcatcage gactcactge aggacgeggce acgagccgec 1740
ggattgcagt cgtatgagat cccgcgtgac ttcecctegteg agacaacacc tttcacgetg 1800
gagaacggcece tgctgaccgg tatccgcaag ctggcccgge cgaaactgaa ggcgcactac 1860
ggcgaacgee tcgaacagcet ctacaccgac ctggcecgagg ggcaggcecaa cgagttgege 1920
gagttgcegee gcaacggage cgaccggecce gtggtegaga cegtcagecg cgecgeggte 1980
gcactgcteg gtgecteccecgt cacggatctg cggtccgatg cgcacttcac cgatctgggt 2040
ggagattcgt tgtcggectt gagettcecteg aacctgttge acgagatctt cgatgtcgac 2100

gtgceggteg gegtcategt cageceggece accgacctgg caggegtege ggectacatc 2160
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gagggcgaac tgcgeggcete caagegecce acatacgegt cggtgcacgg gegegacgec 2220
accgaggtgce gecgcgcgtga tcetecgecctg ggcaagttca tcgacgccaa gaccctgtcece 2280
geegegeegyg gtetgecgeg ttegggcace gagatcegea cegtgetget gaccggegece 2340
accgggttcece tgggccgcta tetggcegcetg gaatggetgg agcgcatgga cctggtggac 2400
ggcaaggtga tctgectggt gegegeccge agcgacgacg aggccceggge gegtetggac 2460
gecacgtteg acaccgggga cgcgacactg ctcgageact accgcegeget ggcagccgat 2520
cacctegagg tgatcgecgg tgacaaggge gaggccgate tgggtctega ccacgacacg 2580
tggcagcgac tggccgacac cgtcgatctg atcgtcgatce cggccgccct ggtcaatcac 2640
gtcetgecegt acagccagat gtteggaccce aatgcgcteg gcaccgccga actcatcegg 2700
atcgcgcetga ccaccacgat caagccgtac gtgtacgtet cgacgatcgg tgtgggacag 2760
ggcatcteee cecgaggcegtt cgtcecgaggac gecgacatce gegagatcag cgegacgege 2820
cgggtegacyg actcgtacge caacggctac ggcaacagea agtgggcecgyg cgaggtectg 2880
ctgcgggagg cgcacgactg gtgtggtctg ccggtctegg tgttececgcectg cgacatgatce 2940
ctggccgaca cgacctacte gggtcagcectg aacctgecgg acatgttcac ccgectgatg 3000
ctgagcecteg tggcgaccegg catcgcegcece ggttegttet acgaactcga tgcggacggce 3060
aaccggcage gcgeccacta cgacgggetg ceegtggagt tcatcgecga ggcgatctcee 3120
accatcggcet cgcaggtcac cgacggattc gagacgttcce acgtgatgaa cccgtacgac 3180
gacggcateyg gectegacga gtacgtggac tggctgatceg aggccggcta cecccgtgeac 3240
cgegtegacyg actacgecac ctggctgage cggttcegaaa cegecactgeg ggcectgecg 3300
gaacggcaac gtcaggccte gctgetgecg ctgctgcaca actatcagca gecctcaceg 3360
ccegtgtgeg gtgecatgge acccaccgac cggttecegtyg cegeggtgea ggacgcgaag 3420
atcggecceg acaaggacat tccgcacgte acggecgacyg tgatcgtcaa gtacatcage 3480
aacctgcaga tgctcggatt gctgtaa 3507
<210> SEQ ID NO 42
<211> LENGTH: 3507
<212> TYPE: DNA
<213> ORGANISM: Mycobacterium tuberculosis
<400> SEQUENCE: 42
atgtcgatca acgatcagcg actgacacgce cgegtcgagyg acctatacge cagcgacgcce 60
cagttecgeeg ccgecagtcece caacgaggeg atcacccagyg cgatcgacca gcecceggggte 120
gegettecac agetcatceg tatggtcatg gagggctacyg cegatceggec ggcactcegge 180
cagcegtgege tccgettegt caccgacccee gacagceggece gcaccatggt cgagetactg 240
cegeggtteg agaccatcac ctaccgegaa ctgtgggece gegecggeac attggecace 300
gegttgageyg ctgagcccge gatceggecg ggcgacceggg tttgegtget gggettcaac 360
agcgtcgact acacaaccat cgacatcgeg ctgatceggt tgggegeegt gtceggttceca 420
ctgcagacca gtgcgecggt caccgggttyg cgeccgateg tcaccgagac cgagecgacyg 480
atgatcgcca ccagcatcga caatcttgge gacgccegteg aagtgctgge cggtcacgece 540
ceggeccgge tggtegtatt cgattaccac ggcaaggttyg acacccaccyg cgaggecgte 600
gaagccgeee gageteggtt ggceggeteg gtgaccatceg acacacttgce cgaactgatce 660
gaacgcggea gggegetgee ggccacacce attgccgaca gegccgacga cgegetggeg 720
ctgctgattt acacctcggg tagtaccgge geacccaaag gcegecatgta tcgegagage 780
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caggtgatga gcttctggeg caagtcgagt ggetggtteg agccgagegyg ttacccctceg 840
atcacgctga acttcatgcc gatgagccac gtcgggggec gtcaggtget ctacgggacg 900
cttteccaacg geggtaccge ctacttegte gccaagageg acctgtcgac getgttegag 960

gacctcgeee tggtgcggcee cacagaattg tgcttegtge cgcgcatctg ggacatggtyg 1020
ttegecagagt tccacagcga ggtcgaccge cgettggtgg acggegcecga tcegageggeg 1080
ctggaagcgce aggtgaaggc cgagctgcgg gagaacgtgce tcggcggacg gtttgtcatg 1140
gcgetgaceg gttecgegee gatcteceget gagatgacgg cgtgggtcga gtcecctgetg 1200
gccgacgtge atttggtgga gggttacgge tccaccgagg ccgggatggt cctgaacgac 1260
ggcatggtyge ggcgecccge ggtgatcgac tacaagetgg tegacgtgec cgagetggge 1320
tacttecggca ccgatcagcce ctaccceegg ggcgagetge tggtcaagac gcaaaccatg 1380
ttecceegget actaccageg cccggatgte accgccgagg tgttcgacce cgacggctte 1440
taccggaccyg gggacatcat ggccaaagta ggccccgace agttegtceta cctegaccge 1500
cgcaacaacg tgctaaagct ctcccagggce gagttcatcg cecgtgtcgaa getcgaggceg 1560
gtgttcggeg acagcccgcet ggtecgacag atcttcatcet acggcaacag tgcccgggec 1620
taccecgetgg cggtggttgt ccecgteeggg gacgcgettt ctcecgeccatgg catcgagaat 1680
ctcaagcceg tgatcagega gtccctgecag gaggtagega gggeggcecegyg cctgcaatce 1740
tacgagattc cacgcgactt catcatcgaa accacgccgt tcaccctgga gaacggcctg 1800
ctcaccggca tccgcaaget ggcacgceccg cagttgaaga agttctatgg cgaacgtctce 1860
gagcggcetet ataccgaget ggccgatage caatccaacg agetgcegega getgeggceaa 1920
agcggteceg atgcgccggt gettcecgacg ctgtgcegtg cecgcecggctge gttgetggge 1980
tctaccgetg cggatgtgeg gecggacgcg cacttcecgecg acctgggtgg tgactcegetce 2040
tcggegetgt cgttggccaa cctgctgcac gagatctteg gegtcgacgt gecggtgggt 2100
gtcattgtca gecccggcaag cgacctgegg gecctggecyg accacatcga agcagcgege 2160
accggegtcea ggcgacccag cttcegecteg atacacggte getecgcegac ggaagtgcac 2220
gccagcgace tcacgctgga caagttcatce gacgctgeca cectggecge agecccgaac 2280
ctgcecggcac cgagcgccca agtgcgcacce gtactgcetga cecggcgcecac cggcetttttg 2340
ggtcgctace tggcgctgga atggctcgac cgcatggacce tggtcaacgg caagctgatce 2400
tgcctggtee gegecagatce cgacgaggaa gcacaagcecce ggctggacge gacgttcgat 2460
agcggcgacce cgtatttggt geggcactac cgcgaattgg gecgcecggceeg cctcgaggtg 2520
ctegecggeg acaagggcga ggccgacctyg ggectggace gggtcacctyg gcageggcta 2580
gccgacacgg tggacctgat cgtggacccce geggcectgg tcaaccacgt gctgeccgtat 2640
agccagetgt tcggeccaaa cgcggeggge accgecgagt tgettegget ggegetgace 2700
ggcaagcgcea agccatacat ctacaccteg acgatcegecg tgggcgagca gatcccgecyg 2760
gaggcgttca ccgaggacge cgacatccegg gecatcagec cgacccegcag gatcgacgac 2820
agctacgcca acggctacgce gaacagcaag tgggccggeyg aggtgctget gegegaaget 2880
cacgagcagt gcggcctgec ggtgacggte tteegctgeg acatgatcct ggccgacacce 2940
agctataccg gtcagctcaa cctgccggac atgttcaccce ggctgatget gagecctggcece 3000
gctaccggca tcecgcacccgg ttegttcectat gagctggatg cgcacggcaa tcggcaacgce 3060

gcccactatg acggcttgce ggtcgaattce gtcgcagaag ccatttgcac ccttgggaca 3120
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catagcccgg accgttttgt cacctaccac gtgatgaacc cctacgacga cggcatcggg 3180
ctggacgagt tcgtcgactg gcectcaactce ccaactageg ggtccggttg cacgatccag 3240
cggatcgececg actacggcega gtggctgcag cggttcgaga cttcegetgeg tgccttgecg 3300
gatcgccage gccacgecte getgetgece ttgctgcaca actaccgaga gectgcaaag 3360
ccgatatgeg ggtcaatcge geccaccgac cagttcecgeg ctgecgtceca agaagcgaaa 3420
atcggtccegg acaaagacat tccgcaccte acggeggcega tcatcgcgaa gtacatcage 3480
aacctgcgac tgctcgggcect getgtga 3507
<210> SEQ ID NO 43
<211> LENGTH: 3522
<212> TYPE: DNA
<213> ORGANISM: Mycobacterium smegmatis
<400> SEQUENCE: 43
atgaccagceg atgttcacga cgccacagac ggcgtcaceg aaaccgcact cgacgacgag 60
cagtcgacce gccgeatege cgagcetgtac gecaccgate cegagttege cgcecgecgca 120
cegttgeceg cegtggtega cgcggegeac aaaccceggge tgeggetgge agagatcctg 180
cagaccctgt tcaccggcta cggtgaccge ceggegetgyg gataccgege ccgtgaactg 240
gecaccgacy agggcgggceg caccgtgacg cgtcetgetge cgeggttega caccctcacce 300
tacgcccagg tgtggtegeg cgtgcaageg gtegecgegyg cectgcegeca caacttegeg 360
cagcegatcet acceeggega cgccgtegeg acgatceggtt tegegagtece cgattacctg 420
acgctggate tcgtatgege ctacctggge ctegtgagtyg ttecgetgea gcacaacgca 480
ceggtecagee ggctegecce gatcctggece gaggtcgaac cgeggatcect caccgtgage 540
geegaatace tcgacctcege agtcgaatce gtgcegggacg tcaacteggt gtegeagetce 600
gtggtgtteg accatcacce cgaggtcgac gaccaccgeg acgcactgge cegegegegt 660
gaacaactcyg ccggcaaggg catcgecgte accaccectgg acgcgatcge cgacgaggge 720
geegggetyge cggecgaace gatctacacce gecgaccatg atcagegect cgegatgatce 780
ctgtacacct cgggttccac cggcgcacce aagggtgcga tgtacaccga ggcgatggtg 840
gegeggetgt ggaccatgte gttcatcacg ggtgacccca cgccggtcat caacgtcaac 900
ttcatgcege tcaaccacct gggcgggege atccccattt ccaccgceegt gcagaacggt 960
ggaaccagtt acttcgtacc ggaatccgac atgtccacge tgttcgagga tctegcegetg 1020
gtgecgecega ccgaactcegg cctggttecg cgegtegecyg acatgcetcta ccagcaccac 1080
ctegecaceg tcegaccgect ggtcacgecag ggcgecgacyg aactgaccge cgagaagcag 1140
gcecggtgeceg aactgcgtga gcaggtgctce ggcggacgceg tgatcaccgg attcegtcage 1200
accgcaccge tggecgegga gatgagggeg ttectcegaca tcaccctggyg cgcacacate 1260
gtegacgget acgggctcac cgagaccggce gecgtgacac gegacggtgt gatcgtgegg 1320
ccaccggtga tcgactacaa gctgatcgac gttcccgaac tcggctactt cagcaccgac 1380
aagccctace cgcecgtggega actgctggte aggtcgcaaa cgctgactcece cgggtactac 1440
aagcgecceg aggtcaccge gagcegtette gaccgggacyg gctactacca caccggcgac 1500
gtecatggeeyg agaccgcace cgaccacctg gtgtacgtgg accgtcegcaa caacgtccte 1560
aaactcgcgce agggcgagtt cgtggceggtce gccaacctgg aggcggtgtt ctececggegeg 1620
gcgetggtge gecagatctt cgtgtacgge aacagcgagce gcagtttect tctggceegtyg 1680
gtggtccega cgecggagge gctcgagcag tacgatcegg cegegcetcaa ggecgegetyg 1740
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geegactege tgcagecgcac cgcacgcgac gecgaactge aatcctacga ggtgccggec 1800
gatttcatcg tcgagaccga gccgttcage geccgccaacg ggctgcetgte gggtgtegga 1860
aaactgctge ggcccaacct caaagaccge tacgggcage gectggagca gatgtacgece 1920
gatatcgegyg ccacgcagge caaccagttg cgcgaactge ggegcegeggce cgcecacacaa 1980
cecggtgateg acaccctcac ccaggecget gecacgatee teggcaccegyg gagegaggtyg 2040
gcatccgacg cccacttcac cgacctgggce ggggattcece tgtcggeget gacacttteg 2100
aacctgctga gecgatttett cggtttcgaa gtteccgteg gecaccatcgt gaacccggcece 2160
accaaccteg cccaactcge ccagcacatce gaggcgcage gcaccgceggyg tgaccgcagg 2220
ccgagtttea ccaccgtgca cggcgeggac gecaccgaga tcecgggcgag tgagetgace 2280
ctggacaagt tcatcgacgc cgaaacgctce cgggecgcac cgggtctgece caaggtcace 2340
accgagccac ggacggtgtt getcecteggge gccaacggct ggctgggceeg gttectcacg 2400
ttgcagtggce tggaacgcct ggcacctgtce ggeggcaccce tcatcacgat cgtgceggggce 2460
cgegacgacg ccgeggeccg cgcacggetyg acccaggect acgacaccga tcccgagttg 2520
tceegecget tegecgaget ggccgaccge cacctgeggyg tggtegeegyg tgacatcgge 2580
gacccgaate tgggectcac acccgagatc tggcaccgge tegecgecga ggtcgacctg 2640
gtggtgcatc cggcagcgct ggtcaaccac gtgctcccecet accggcagcet gtteggeccce 2700
aacgtcegtgg gcacggeccga ggtgatcaag ctggccctea ccgaacggat caageccgte 2760
acgtacctgt ccaccgtgte ggtggccatg gggatcccecg acttcgagga ggacggcgac 2820
atccggacceg tgageceggt gegceccegete gacggceggat acgccaacgyg ctacggcaac 2880
agcaagtggg ccggcegaggt getgetgegg gaggeccacyg atctgtgegyg getgecegtyg 2940
gcgacgttec gcecteggacat gatcctggeg catccgeget accgcecggtca ggtcaacgtg 3000
ccagacatgt tcacgcgact cctgttgage ctecttgatca cecggecgtcecge gecgeggtceg 3060
ttctacatcg gagacggtga gcgcccgcegg gcgcactacce ccggecctgac ggtcgattte 3120
gtggccgagyg cggtcacgac gcteggegeg cagcagegeg agggatacgt gtectacgac 3180
gtgatgaacc cgcacgacga cgggatctcc ctggatgtgt tegtggactg gctgatccgg 3240
gegggecate cgatcgacceg ggtcgacgac tacgacgact gggtgegteg gttcgagacce 3300
gegttgaceyg cgetteccga gaagegecge gcacagacceg tactgecget getgcacgeg 3360
ttecegegete cgcaggcace gttgcgegge geacccgaac ccacggaggt gttcecacgee 3420
geggtgegea cegegaaggt gggeccggga gacatcccge acctcgacga ggegetgate 3480
gacaagtaca tacgcgatct gcgtgagttc ggtctgatct ga 3522
<210> SEQ ID NO 44
<211> LENGTH: 3582
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<221> NAME/KEY: source
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:

Synthetic polynucleotide”
<400> SEQUENCE: 44
atgggcagca gccatcatca tcatcatcac agcagcggece tggtgccgeg cggcagecat 60
atgacgagcg atgttcacga cgcgaccgac ggcgttaceyg agactgcact ggatgatgag 120
cagagcactce gtcgtattge agaactgtac gcaacggacce cagagttcege agcagcagcet 180
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cctetgeegg cegttgtega tgcggegeac aaaccgggece tgegtetgge ggaaatcctg 240
cagaccctgt tcaccggcta cggcgategt ceggegetgg getatcegtge acgtgagetg 300
gcgacggacy aaggcggtceg tacggtcacg cgtcetgetge cgegettega taccctgacce 360
tatgcacagg tgtggagccg tgttcaagca gtggctgcag cgttgcegtca caatttcgea 420
caaccgattt acccgggcga cgcggtegeg actatcegget ttgegagecce ggactatttg 480
acgctggate tggtgtgcege gtatctggge ctggtcageg ttectttgea gcataacget 540
ceggtgtete gectggecce gattctggee gaggtggaac cgegtattet gacggtgage 600
gcagaatacce tggacctgge ggttgaatcce gtcegtgatg tgaactcegt cagecagetg 660
gttgtttteg accatcatce ggaagtggac gatcaccgtg acgcactggce tcegegcacge 720
gagcagcetygyg ccggcaaagg tatcgcagtt acgaccctgg atgcgatcge agacgaaggce 780
gecaggtttge cggctgagee gatttacacg geggatcacyg atcagegtet ggecatgatt 840
ctgtatacca gcggcetctac gggtgcteeg aaaggcgega tgtacaccga agcgatggtg 900
gctegectgt ggactatgag ctttatcacg ggcgacccga ccccggttat caacgtgaac 960
ttcatgccge tgaaccatct gggcggtcecgt atcccgatta gcaccgccgt gcagaatggce 1020
ggtaccagct acttcgttce ggaaagcgac atgagcacgce tgtttgagga tctggcectg 1080
gtcegececta ccgaactggg tcectggtgecg cgtgttgcgg acatgctgta ccagcatcat 1140
ctggegaceyg tggatcgect ggtgacccag ggcgceggacyg aactgactge ggaaaagcag 1200
gccggtgegyg aactgcgtga acaggtcettg ggcggtcegtyg ttatcaccgg ttttgtttece 1260
accgcgecgt tggcggcaga gatgcegtgcet tttetggata tcaccttggg tgcacacatce 1320
gttgacggtt acggtctgac cgaaaccggt gcggtcaccc gtgatggtgt gattgttegt 1380
cctceggtceca ttgattacaa gcectgatcgat gtgeccggage tgggttactt ctecaccgac 1440
aaaccgtacc cgcgtggcega gcetgcetggtt cgtagccaaa cgttgactcce gggttactac 1500
aagcgcccag aagtcaccge gteccgtttte gatcgcgacg gcectattacca caccggcgac 1560
gtgatggcag aaaccgcgcce agaccacctg gtgtatgtgg accgccgcaa caatgttcetg 1620
aagctggcge aaggtgaatt tgtcgcecgtg gctaacctgg aggccgtttt cagecggcgcet 1680
gctetggtee gecagatttt cgtgtatggt aacagcgage gcagetttcet gttggetgtt 1740
gttgtcececta cccecggagge gctggagcaa tacgaccctg ccgcattgaa agcagcectg 1800
gcggattege tgcagcgtac ggcegcgtgat geccgagcectge agagctatga agtgccggeg 1860
gacttcattg ttgagactga gccttttage gectgcgaacyg gtcectgctgag cggtgttgge 1920
aagttgctgce gtccgaattt gaaggatcgce tacggtcage gtttggagca gatgtacgceg 1980
gacatcgegg ctacgcaggce gaaccaattg cgtgaactgce gecgtgctgce ggctactcaa 2040
ceggtgateg acacgctgac gcaagetgeg gegaccatee tgggtacegyg cagcgaggtt 2100
gcaagcgacg cacactttac tgatttgggce ggtgattcte tgagcgcgcet gacgttgage 2160
aacttgcetgt ctgacttcectt tggctttgaa gtcccggttg gcacgattgt taacccageg 2220
actaatctgg cacagctggce gcaacatatc gaggcgcage gcacggceggyg tgaccgecgt 2280
ccatccttta cgacggtcca cggtgcggat gctacggaaa tccgtgcaag cgaactgact 2340
ctggacaaat tcatcgacgc tgagactctg cgcgcagcac ctggtttgcce gaaggttacg 2400
actgagccgce gtacggtect gttgageggt gccaatggtt ggttgggceg cttectgacce 2460
ctgcagtggce tggaacgttt ggcaccggtt ggcggtaccce tgatcaccat tgtgcecgeggt 2520
cgtgacgatg cagcggcacg tgcacgtttg actcaggctt acgatacgga cccagagctg 2580
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tcecegecget

gatccgaatce

gtcegttcate

aatgttgttyg

acctacctgt

attcgtaccyg

agcaagtggg

gegacgttte

ccggacatgt

ttctacattg

gttgcggaag

gttatgaatc

gegggecace

gegttgacceyg

tttegegege

geggtgegta

gacaagtaca

tcgetgagtt

tgggcctgac

cagecggeect

gcaccgcecga

ccacggttag

tcagcceggt

ctggcgaggt

gtagcgacat

tcaccegtet

gtgatggcga

cggttactac

cgcacgatga

caattgaccyg

ccttgecgga

cacaggcgec

ccgctaaagt

tcegtgacct

<210> SEQ ID NO 45
<211> LENGTH: 66

<212> TYPE:

DNA

ggcggatcgc

ccceggagatt

ggtcaaccac

agttatcaag

cgtegegatyg

tegteegetyg

getgetgege

gattctggee

getgetgtee

gegteegegt

cctgggtget

cggtattage

tgttgacgac

gaaacgtcgt

gttgegtgge

cggtccgggt

gegegagtte

cacttgegtyg

tggcaccgte

gtcetgeegt

ttggctctga

ggtattccty

gatggtggct

gaggcacatg

cacccgeget

ctgctgatca

gcacactace

cagcaacgtyg

ttggatgtet

tatgatgact

gegecagaccyg

gecectgaac

gatattcege

ggtctgattt

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<221> NAME/KEY:
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:

source

Synthetic primer”

<400> SEQUENCE: 45

tggtggcagg
tggcagcaga
accgccaget
ccgagegeat
attttgagga
atgcaaatgg
acctgtgtygyg
accgtggeca
cgggtgtgge
cgggectgac
agggttatgt
ttgtggactyg
gggtgegteg
ttctgecget
cgaccgaagt
acctggatga

ag

tgatatcgge

ggtcgatetyg

gtttggtceg

caagcetgtt

ggacggtgac

ctatggcaac

cctgeeggtt

agtgaatgtyg

accgegttee

cgtcgatttt

ctcgtatgac

getgattegt

ttttgaaacc

getgecatgee

gtttcatgca

agccctgatce

cggttetgge aaatattectg aaatgagetyg ttgacaatta atcaaatccg gcetcgtataa

tgtgtg

<210> SEQ ID NO 46
<211> LENGTH: 30

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<221> NAME/KEY:
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:

source

Synthetic primer”

<400> SEQUENCE: 46

ggtttattce tccttattta atcgatacat

<210> SEQ ID NO 47
<211> LENGTH: 59

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<221> NAME/KEY:
<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:

source

Synthetic primer”

<400> SEQUENCE: 47

atgtatcgat taaataagga ggaataaacc atgggcacga gcgatgttca cgacgcgac

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

3540

3582

60

66

30

59
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-continued

<210> SEQ ID NO 48

<211> LENGTH: 59

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 48

atgtatcgat taaataagga ggaataaacc gtgggcacga gcgatgttca cgacgcgac 59

<210> SEQ ID NO 49

<211> LENGTH: 59

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 49

atgtatcgat taaataagga ggaataaacc ttgggcacga gcgatgttca cgacgcgac 59

<210> SEQ ID NO 50

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 50

ttctaaatca gaccgaactc gcgcag 26

<210> SEQ ID NO 51

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 51

ctgcegegagt tcggtetgat ttagaattee tegaggatgg tagtgtgg 48

<210> SEQ ID NO 52

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”

<400> SEQUENCE: 52

cagtcgacat acgaaacggg aatgcgg 27

<210> SEQ ID NO 53

<211> LENGTH: 56

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<221> NAME/KEY: source

<223> OTHER INFORMATION: /note=“Description of Artificial Sequence:
Synthetic primer”
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-continued

<400> SEQUENCE: 53

ccgcattece gtttegtatg tegactgaaa cctcaggeat tgagaagcac acggte

<210>
<211>
<212>
<213>
<220>
<221>
<223>

SEQ ID NO 54

LENGTH: 56

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:
NAME/KEY: source
Synthetic primer”

<400> SEQUENCE: 54

ctcatttcag aatatttgcc agaaccgtta atttectaat gecaggagtceg cataag

<210>
<211>
<212>
<213>
<220>
<221>
<223>

SEQ ID NO 55

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:
NAME/KEY: source
Synthetic primer”

<400> SEQUENCE: 55

ggatctcgac gctcteectt

<210>
<211>
<212>
<213>
<220>
<221>
<223>

SEQ ID NO 56

LENGTH: 28

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:
NAME/KEY: source
Synthetic primer”

<400> SEQUENCE: 56

tcaaaaacgce cattaacctg atgttetg

56

OTHER INFORMATION: /note="“Description of Artificial Sequence:

56

OTHER INFORMATION: /note="“Description of Artificial Sequence:

20

OTHER INFORMATION: /note="“Description of Artificial Sequence:

28

What is claimed is:

1. A variant carboxylic acid reductase (CAR) polypeptide
comprising an amino acid sequence having at least about 90%
sequence identity to SEQ ID NO: 7, wherein said variant
CAR polypeptide is genetically engineered to have at least
one mutation at an amino acid position selected from the
group consisting of amino acid positions 3, 18, 20, 22, 80, 87,
191, 288, 473, 535, 750, 827, 870, 873, 926, 927, 930, and
1128.

2. The variant CAR polypeptide of claim 1, wherein
expression of said variant CAR polypeptide in a recombinant
host cell results in a higher titer of fatty alcohol compositions
compared to a host cell expressing a corresponding wild type
polypeptide.

3. The variant CAR polypeptide of claim 1, wherein said
CAR polypeptide is a CarB polypeptide.

4. The variant CAR polypeptide of claim 1, wherein the
variant CAR polypeptide comprises a mutation selected from
the group consisting of S3R, D18R, D18L, D18T, DISP,
E20V,E20S, E20R, S22R, S22N, S22G, L80R, R87G, R87E,
V1918, F288R, F288S, F288G, Q473L, Q473W, Q473Y,
Q4731, Q473H, A535S, D750A, R827C, R827A, 1870L,
R8738S, V926A, VI26E, S927K, S927G, M930K, M930R
and L1128W.

5. The variant CAR polypeptide of claim 4, wherein said
variant CAR polypeptide comprises mutation A535S.

45

50

55

60

65

6. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, F288G,
Q4731 and A535S.

7. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, F288G,
Q473H, A535S, R827A and S927G.

8. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H, A535S, R827A and S927G.

9. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations S3R, E20R, S22R,
F288G, Q473H, AS535S, R873S, S927G, M930R and
L1128W.

10. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H, AS535S, R873S, S927G, M930R and
L1128W.

11. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations D18R, E20R,
S22R, F288G, Q4731, A5358S, S927G, M930K and L1128 W.

12. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q4731, A535S, R827C, V926E, S927K and M930R.

13. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations D18R, E20R,
288G, Q4731, A535S,R827C, V926E, M930K and LL1128W.



US 9,340,801 B2

135

14. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H,A535S,R827C,VI26A, S927K and MI30R.

15. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H, A535S and R827C.

16. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q4731, A535S, R827C and M930R.

17. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q4731, A535S, I870L, S927G and M930R.

18. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q4731, A535S, I870L and S927G.

19. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations D18R, E20R,
S22R, F288G, Q4731, AS535S, R827C, 1870L, V926A and
S927G.

20. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H, A535S, R827C, I870L and L1128W.

21. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations D18R, E20R,
S22R, F288G, Q473H, A535S, R827C, 1870L, S927G and
L1128W.

22. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q4731, A535S,R827C, 1870L, S927G and L1128 W.

23. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q4731, A5358S, R827C, I870L, S927G, M930K and
L1128W.

24. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H, A5358S, I870L, S927G and M930K.

25. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, F288G,
Q4731, A535S, 1870L, M930K.

26. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H, A535S, S927G, M930K and L1128W.

27. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations D18R, E20R,
S22R, F288G, Q4731, A5358S, S927G and L1128W.

28. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q4731, A535S, R827C, I870L and S927G.

29. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations D18R, E20R,
S22R, F288G, Q4731, A535S, R827C, 1870L, S927G and
L1128W.

30. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations D18R, E20R,
S22R, F288G, Q4731, A5358S, S927G, M930R and L1128 W.

31. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H, A535S, V926E, S927G and M930R.

32. The variant CAR polypeptide of claim 4, wherein said
variant polypeptide comprises mutations E20R, S22R,
F288G, Q473H, AS535S, R827C, I1870L, V926A and
L1128W.

33. A recombinant host cell comprising a polynucleotide
sequence encoding a variant carboxylic acid reductase (CAR)
polypeptide having at least 90% sequence identity to SEQ ID
NO: 7 and having at least one mutation at an amino acid
position selected from the group consisting of amino acid
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positions 3, 18, 20, 22, 80, 87, 191, 288, 473, 535, 750, 827,
870, 873, 926, 927, 930, and 1128, wherein the recombinant
host cell produces a fatty alcohol composition at a higher titer
oryield than a host cell expressing a corresponding wild type
CAR polypeptide when cultured in a medium containing a
carbon source under conditions effective to express said vari-
ant CAR polypeptide.

34. The recombinant host cell of claim 33, wherein said
SEQ ID NO: 7 is the corresponding wild type CAR polypep-
tide.

35. The recombinant host cell of claim 33, further compris-
ing a polynucleotide encoding a thioesterase polypeptide.

36. The recombinant host cell of claim 35, further compris-
ing a polynucleotide encoding a FabB polypeptide and a
FadR polypeptide.

37. The recombinant host cell of claim 33, wherein said
recombinant host cell has a titer that is at least 3 times greater
than the titer of a host cell expressing the corresponding wild
type CAR polypeptide when cultured under the same condi-
tions as the recombinant host cell.

38. The recombinant host cell of claim 37, wherein said
recombinant host cell has a titer of from about 30 g/L. to about
250 g/L.

39. The recombinant host cell of claim 38, wherein said
recombinant host cell has a titer of from about 90 g/L. to about
120 g/L.

40. The recombinant host cell of claim 33, wherein said
recombinant host cell has a yield from about 10% to about
40%.

41. A cell culture comprising the recombinant host cell of
claim 33.

42. The cell culture of claim 41, wherein said cell culture
has a productivity that is at least 3 times greater than the
productivity of a cell culture that expresses the corresponding
wild type CAR polypeptide.

43. The cell culture of claim 42, wherein said productivity
ranges from about 0.7 mg/L/hr to about 3 g/L/hr.

44. The cell culture of claim 43, wherein the culture
medium comprises a fatty alcohol composition.

45. The recombinant host cell of claim 44, wherein the fatty
alcohol composition is secreted into an extracellular environ-
ment.

46. The cell culture of claim 45, wherein the fatty alcohol
composition comprises one or more of a C6, C8, C10, C12,
C13, C14, C15, C16, C17, or C18 fatty alcohol.

47. The cell culture of claim 45, wherein the fatty alcohol
composition comprises a C10:1, C12:1, C14:1, C16:1, or a
C18:1 unsaturated fatty alcohol.

48. The cell culture of claim 45, wherein the fatty alcohol
composition comprises C,, and C,, fatty alcohols.

49. The cell culture of claim 48, wherein the fatty alcohol
composition comprises C, , and C , fatty alcohols at a ratio of
about 3:1.

50. The cell culture of claim 45, wherein the fatty alcohol
composition comprises unsaturated fatty alcohols.

51. The cell culture of claim 50, wherein the fatty alcohol
composition comprises a fatty alcohol having a double bond
at position 7 in the carbon chain between C,, and Cg from the
reduced end of the fatty alcohol.

52. The cell culture of claim 45, wherein the fatty alcohol
composition comprises saturated fatty alcohols.

53. The cell culture of claim 45, wherein the fatty alcohol
composition comprises branched chain fatty alcohols.

54. The recombinant host cell of claim 35, further compris-
ing a polynucleotide encoding a fatty aldehyde reductase
(AlrA).
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55. A cell culture comprising the recombinant host cell of
claim 54.
56. A method of making a fatty alcohol composition at a
high titer, yield or productivity, comprising the steps of:
(a) engineering a recombinant host cell of claim 1;
(b) culturing said recombinant host cell in a medium com-
prising a carbon source; and
(c) optionally isolating said fatty alcohol composition from
said medium.

10

138



